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ABSTRACT 
Reaction wheels are a common, but expensive, component used in CubeSats, that can accurately position 
a satellite using an imparted momentum (or impulse) from a rotating flywheel to adjust a satellite’s 
attitude. This document serves as the final design review and report for the 3-Axis Reaction Wheel Senior 
Design Project in the Mechanical Engineering Department of California Polytechnic State University, San 
Luis Obispo. The goal of this project is to produce a functional, low-cost 3-axis reaction wheel system 
based on previous research done by a master’s student at Cal Poly to be implemented in future CubeSats 
in the Cal Poly CubeSat Laboratory. Since the main components of the reaction wheel are already specified 
and designed by a published thesis that is the basis of the project, the team focused design efforts mostly 
on the motor and outer housing of the reaction wheel system as well as how it interfaces with the 
CubeSat. The manufacturing, assembly, and testing will be done on the entire system of reaction wheels 
and housings to ensure a successful prototype can be delivered to the sponsor.   
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1.0 INTRODUCTION    
The Cal Poly CubeSat Laboratory needs a way to manufacture reaction wheels in-house to avoid the 
expense of outsourcing reaction wheels and for students to better understand the inner functioning of a 
reaction wheel used for Attitude Control Determination Systems (ACDS) in CubeSats and small satellites. 
Dr. John Bellardo, a faculty member leading the Cal Poly CubeSat Laboratory (referenced as CPCL for the 
remainder of this document), is the sponsor of this senior design project and represents the desires of 
CPCL regarding the outcome of this work. This project is a continuation and expansion of a previous CPCL 
lab member’s master’s thesis: Low-Cost Reaction Wheel Design for CubeSat Applications by Nicholas J. 
Bonafede Junior [1], which we will reference as Bonafede’s Thesis in the remainder of this document.   
This document first presents background research on reaction wheels, CubeSats, and Attitude Control 
Determination Systems (ACDS) to understand the function and design of reaction wheels followed by a 
description of the Cal Poly CubeSat Laboratory. Additionally, research is presented on existing reaction 
wheel designs, including two types of reaction wheels that CPCL has used in previous missions. Following 
the background information, a problem statement is clearly defined. Then, specifications for the project 
are outlined along with descriptions of procedures to measure these specifications.  
The second half of this report focuses on design, manufacturing, assembly, and testing. Design selection 
was based off of multiple concept designs and was evaluated on the basis of how well they each meet the 
project goals and specifications. After preliminary analysis and concept design selection, the final design 
is presented with in-depth description of each component of the assembly. Additionally, a final cost and 
budget summary is presented. Next, the document outlines the manufacturing process and timeline and 
is followed by a discussion of the assembly process. Then the design verification tests are presented along 
with their description and results and recommendations. Lastly, the document defines the overall project 
management and concludes with recommendations and important takeaways from the project. 
2.0 BACKGROUND 
 
Reaction Wheels are devices that are used in space environments to control the position of a spacecraft. 
The device is structurally simple, consisting of a flywheel attached to a motor. By applying a torque to the 
reaction wheel, an equal and opposite torque is applied to the spacecraft [2]. Applying the torque to the 
reaction wheel over a given period creates an impulse, resulting in a change in the magnitude of the 
spacecraft’s angular momentum. Changing the angular momentum of the spacecraft is balanced by a 
change in the spacecraft’s angular velocity. Thus, by spinning the reaction wheel the spacecraft 
experiences a change in orientation directly related to the speed at which the wheel is spinning. Each 
reaction wheel maintains control over a single axis of rotation. To have complete control over the 
spacecraft’s orientation, several reaction wheels can be used in a 3 or 4-axis orientation [3].  
2.1 REACTION WHEEL TECHNICAL LITERATURE RESEARCH 
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Despite being very useful for positioning, reaction wheels have the major drawback of a maximum speed. 
Even in a space environment there are disturbances, due to factors such as solar radiation, pressure, and 
aerodynamic drag that cause the spacecraft to lose positioning. As such, the speed of the wheels slowly 
climbs over time. Since they are limited to the speed range of the motor they use, the reaction wheels 
eventually are unable to speed up anymore and become saturated. While there are ways to desaturate a 
reaction wheel, they all involve making use of some alternative means of changing the spacecraft’s 
momentum (such as magnetorquers).   
The main benefits of using a reaction wheel system are that they eliminate the need for propellants, they 
provide 3-axis control, and they are less complex when compared to other methods [1]. Furthermore, 
reaction wheels are excellent for pointing accuracy. While common methods, such as magnetorquers, can 
have pointing accuracies of ±5°, reaction wheels can have pointing accuracies below ±1° [4]. Further 
explanation of technical literature research is explained in a detailed analysis of Bonafede’s thesis found 
in section 2.3 as well. 
The primary justifications for using a reaction wheel and specifically this type of active control method in 
a spacecraft are the following. 
Passive control methods are determined to be insufficient and other active control devices do not meet 
pointing requirements desired. Active control means that the device must be directly controlled by the 
spacecraft to function properly. However, several methods exist for passive attitude stability. Attitude is 
a way of defining the orientation of a satellite in a three-dimensional space. The most common being spin 
stability, gravity gradient, aerodynamic stability, and magnetic stability. These methods incorporated into 
the design of the spacecraft allow the vehicle to have a natural orientation that it will gravitate toward. 
The natural orientation for the most part is a very weak one and does not by any means provide precise 
attitude control and does not allow the spacecraft to change its orientation from the natural orientation 
it is drawn to [5].  
Other methods of active control of a spacecraft attitude as mentioned above are magnetorquers and 
reaction control thrusters. The drawbacks of using reaction control thrusters are the fact that they are 
significantly more mechanically complex and more costly. As for magnetorquers they are one of the least 
complex methods however only provide pointing accuracies up to ±5°.  
It is the inadequacies of passive control methods, the complex nature of reaction control thrusters, and 
the underperformance of magnetorquers that leads to the selection of a reaction wheel as the primary 
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2.1.1 MOMENTUM WHEELS VS REACTION WHEELS   
The same device is characterized by different terminology based on its use: a reaction wheel and a 
momentum wheel. Reaction wheels implement the rotation mechanism to be able to rotate an entire 
spacecraft to achieve the desired attitude. However, momentum wheels are used to stabilize spacecraft, 
constantly running to provide extra balance and maintain positioning for the spacecraft [3]. In the 
production of a direction change, the spin in one direction of a wheel can induce an attitude shift for the 
satellite until the reaction wheel is at its capacity, and the reaction wheel must be discharged. In the action 
of discharging the wheel, unless alternative attitude control determination systems are used in 
conjunction [6], the satellite turns back to its original attitude. This is due to the reaction momentum 
forces that occur once the applied momentum ceases. In contrast, the momentum wheels do not function 
in their saturation region; instead, they spin for long durations at lower speeds to offer stability to the 
position, therefore avoiding as much of a need to be discharged. This need for discharge is the main 
drawback of reaction wheel devices for attitude control. Therefore, lies the contrast with devices that do 
not need to be discharged but instead offer less precise positioning, such as magnetometers or other 
ADCS, as will be discussed in the next section. 
 
2.1.2 ATTITUDE CONTROL DETERMINATION SYSTEMS (ADCS)   
Currently, the satellites designed and launched from CPCL use basic attitude control actuators. These 
mechanisms need to be able to control the orientation of the satellite, commonly using sensors and 
actuators with respect to an inertial frame of reference, the main body of interest (i.e., earth), or the sun. 
Within the control of attitude, there are two main focuses: both spin stabilization and 3-axis stabilization 
[7]. For spin stabilization, a less common method, the gyroscopic action of a rotating spacecraft provides 
a stabilized orientation. However, in the more common 3-axis stabilization, the spacecraft is held fixed in 
the desired orientation without rotation. Within this 3-axis stabilization, there are other sub-categories: 
using small thrusters, solar sails, or as in our case, powered reaction wheels. The most common of these 
attitude control devices which is widely implemented within Cal Poly CubeSat Labs is a magnetorquer. A 
magnetorquer or magnetic torquer implements small permanent magnets to induce a local magnetic 
field, reacting against the magnetic field of the body it orbits around [6]. While for many payloads, current 
attitude control actuators are acceptable, for payloads that require high-precision scientific 
measurements, magnetorquer positioning is not accurate enough, and a 3-axis reaction wheel mechanism 
is required. The 3-axis reaction wheel system is an industry trend for ADCS systems and is most commonly 
used on more sophisticated missions. 
2.1.3 PATENT RESEARCH   
We investigated various patents to be able to have a base understanding of what limitations were placed 
on our design. There were very few patents about the direct reaction wheel design; instead, most of the 
patents were specifically focused on detailed modifications to the basic design of a 3-axis reaction wheel. 
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The most relevant of these patents was a mathematical analysis and design of a potential 4-axis reaction 
wheel design, which was even touched on when talking with our sponsor. For many of the current 
implementations of reaction wheels for large-scale space projects utilize the 4-axis design so that if there 
were to be a failure in any one wheel, that the entire system would not be incapacitated, instead it would 
still be able to function [8]. However, under careful consideration, this potential is outside the scope of 
the project, so avoiding the details in this patent is unnecessary. The general design of a reaction wheel is 
not patented, as its patents are not allowed to include elements, theoretical plans, laws of nature, physical 
phenomena, and abstract ideas [9]. 
Table 1. Patent Research Table 
Title Description 
Reaction wheel friction 
compensation using dither [10] 
A reaction-wheel stabilized spacecraft reduces attitude errors at 
wheel reversals by application of a dither component to the wheel 
torque command signal. 
Reaction sphere for spacecraft 
attitude control [11] 
Hydraulically and spherically supported inertial reference, a 
frictionless gyroscope to function as an alternative to typical 
reaction wheels. 
Back-Up Wheel for 3-Axis 
Reaction Wheel Spacecraft [8] 
The backup wheel is mounted on an axis which is skewed with 
respect to the axes of the three mutually perpendicular wheels, 
so if only one of the perpendicular wheels fails, the backup wheel 
rotates to maintain spacecraft attitude. 
Reconfigurable reaction wheel for 
spacecraft [12] 
This patent is of a reconfigurable reaction wheel for a spacecraft, 
comprising of a reaction wheel housing, a flywheel rotatably 
disposed in the housing, and an electric motor operably coupled 
to the flywheel. 
Attitude control system for small 
satellites [13] 
An attitude control system (ACS) for use with a pico- or a 
nanosatellite comprising of a flywheel assembly or gimbal 
assembly. 
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Figure 1. Patent for Reaction Sphere for Attitude Control [11] 
One of the other notable patents is pictured in the figure above of a novel reaction wheel design [11]. 
Creative designs like these reaction “wheels” would be more influential if we were to be creating the 
reaction wheel design from scratch. However, since we are using the existing work as a jumping-off point 
for the design, it has limited these design freedoms, therefore focusing our energies on the housing, 
manufacture, and build process instead of theoretical propositions. 
 
 
Cal Poly CubeSat Laboratory (CPCL) is a student-run collaboration and development team on Cal Poly’s 
campus, focused on creating small satellites, namely along with the CubeSat standard. A CubeSat is a 
10cm x 10cm x 10 cm unit of space, which is a 1-U standard, as will be referenced as a measurement of 
size later in this document. Increments of this size are utilized for various research payloads, in 
measurements of this 1-U standard [14]. As a part of NASA’s initiative to encourage students in space, 
CPCL developed P-PODS; these are a launch housing utilized to deploy CubeSats into orbit once past the 
atmosphere, and they typically hold 3-U increments [15]. That is why the most common CubeSat sizes are 
1-U (the most common for basic busses) or 3-U (for larger payloads). Embodying Cal Poly’s "learn by 
doing" philosophy, the lab gives students an ability to design, build, and operate CubeSats. Not only does 
the lab give students a chance to work together on small interdisciplinary project teams, but it trains them 




2.2 CAL POLY CUBESAT LAB BACKGROUND 
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2.2.1 PAST CAL POLY CUBESAT LABS REACTION WHEEL MECHANISMS   
In the history of the Cal Poly CubeSat Laboratory, there have been 2 flight missions that have integrated 
a form of ADCS (Attitude Determination Control Systems). These flight missions were ExoCube I and II 
which both used a combination of deployable booms with brass tip masses, magnetorquers, and a single 
momentum wheel a 3U size CubeSats. There were also two other missions that tested de-tumbling with 
B-dot (the magnetic flux induced by current in a magnetorquer interacting with the earth’s magnetic field) 
that is a basic form of ADCS. The ExoCube missions are a research project in collaboration with Scientific 
Solutions, NASA Goddard, California Polytechnic State University - San Luis Obispo, the University of 
Wisconsin, and the University of Illinois. The primary objective of the ExoCube missions is to acquire global 
knowledge of the in-situ densities of [O], [H], [He], [N2], [O+], [H+], [He+], [NO+] in the upper ionosphere 
and lower exosphere. The necessity for reaction wheels on these missions in particular was the need for 
accurate positioning of the miniaturized mass spectrometers and ion sensors onboard the spacecraft. 
Data acquisition of reaction wheel performance on-orbit for the ExoCube I, is unfortunately is non-existent 
due to some issues with the spacecraft’s antenna when launched on January 31st, 2015. ExoCube II is 
slated to launch sometime in 2020 or early 2021. Each spacecraft used a different reaction wheel from a 
different supplier to reduce the cost of the mission for ExoCube II. Cost is a driving motivator for CPCL to 
develop a student made reaction wheel system at a substantially lower cost. 
 
2.2.2 CURRENT CAL POLY CUBESAT LABS REACTION WHEEL SUPPLIERS AND EXISTING PRODUCTS   
Sinclair Interplanetary by Rocket Lab RW-0.01 Reaction Wheel  
The Sinclair Interplanetary Reaction Wheel (RW-0.01) was used by CPCL on the aforementioned ExoCube 
I mission; unfortunately, CPCL was not able to gather any valuable flight heritage on the mechanisms 
because of an anomaly on the antennae of the spacecraft. Regardless, Rocket Lab claims heritage on 10 
units on-orbit 4 satellites. The Table 2 shows key characteristics of the reaction wheel provided by Sinclair 
Interplanetary [17]. The housing of this reaction wheel is particularly interesting because it does not fully 
enclose the flywheel but rather just forms an X-shaped bracket for mounting and structural stability. This 
is a viable option when considering how to house the reaction wheels in this project because it uses less 
material while still protecting the wheels and allowing for adjustments to be made.  
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Figure 2. Sinclair Interplanetary Reaction Wheel RW-0.01 [17] 
 
CubeSpace CubeWheel Medium  
The CubeSpace CubeWheel Medium was used by CPCL’s ExoCube II mission it was selected as opposed to 
ExoCube I’s Sinclair Interplanetary Wheel because it achieves relatively the same performance at over less 
than half of the price [18]. Table 2 summarizes  
 
Figure 3. CubeSpace Cube wheel Medium [18] 
Blue Canyon Technologies RWP015 Reaction Wheel 
The Blue Canyon RWP015 has never been used by CPCL, however Blue Canyon Technologies (BCT) is an 
industry leader when it comes to “off the shelf” CubeSat components and kits which is why a comparison 
and analysis of this reaction wheel is a valuable endeavor. The specs of BCT’s reaction wheel can be seen 
in Table 2. The housing for this reaction wheel is box-shaped but has slots for the circuit board and 
flywheel which allows adjustments to the board and wheel to be made if necessary. 
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Figure 4. Blue Canyon Technologies RWP015 Reaction Wheel [19] 
Tensor Tech Reaction Sphere 
The Tensor Tech Reaction Sphere has not been used on CPCL mission either. The device serves as an 
attitude control system similar to traditional 3-axis reaction wheels for cube satellites ranging from 1.5U, 
2U, 3U, and 6U. This reaction sphere differs from other designs of reaction wheels because it functions 
like a Single-Gimbal Control Moment Gyro as opposed to the reaction wheels which use the rotation of a 
simple flywheel to impart a change in momentum on the spacecraft. This gyroscope technology allows for 
control of satellite like a 3 or 4 axis reaction wheel does but with just one single wheel but with lower 
weight, size, and power consumption. This reaction sphere is expensive costing $20,000 [20]. It has a 
single cylindrical housing which encompasses the entire sphere. The housing is easily manufacturable 
since it is a perfect cylinder and is a good option for housing the flywheels in this project. 
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Table 2. Various Current Supplier Wheel Specifications 
Supplier Momentum Torque Mass Volume Price 
Sinclair Interplanetary RW-
0.01 [17] 
10 mNms ± 1 mNm 120 g 50mm x 50 mm x 
30mm 
US$20,000 each, + 
$2,000 for radiation 
lot-screened parts 
CubeSpace CubeWheel 
Medium Specifications [18] 
10.82 mNms 1 mNm 130 g 46mm x 46mm x 
31.5mm 
US$6,850 each 
Blue Canyon Reaction 
Wheel RWP015 
Specifications [19] 
15 mNms 4 mNm 130 g 42mm x 42mm x 
19mm 
Unknown  
Tensor Tech [20] 10 mNms 1 mNm < 400 g 0.4U $20,000 
Bonafede’s Low-Cost 
Reaction Wheel [1] 




The primary goal of the project is to develop a low-cost reaction wheel system that has the capability of 
being developed by Cal Poly Students using the Cal Poly Machine shops. Bonafede’s Thesis outlines a 
preliminary design of a 3-axis reaction wheel system. This system is similar to reaction wheels used in past 
missions; however, this is a 3-axis system with a reaction wheel on each axis. Bonafede’s Thesis report 
simulated the performance of the system, sourced a high rpm motor, and completed a preliminary design 
of the flywheel, motor housing, and system enclosure. [1] The next steps for the project outlined in his 
thesis are to machine, build, and assemble the system. The scope of this project will first be focusing on 
the detailed selection and design of the housing that will encapsulate the reaction wheel assembly. 
Questions to be asked are: should there be one single housing for all three wheels, or should each wheel 
have its own? Does there need to be a housing around the flywheel? How will the reaction wheels be 
integrated into the satellite bus structure? 
Once the housing is designed and assembled with the system, the fly wheel will be sent out to an external 
shop to be balanced. Following the balancing, benchmark tests will be performed on the wheel and will 
be compared to his simulation results. This will be an iterative process as small issues in shaft/flywheel 
interference fits in the design might lead to sub-optimal performance. After all small tweaks have been 
made to the design, the flywheel will undergo environmental testing to ensure the system will survive on-
orbit vacuum and temperature extremes and the vibrational launch environment.  
2.3 EXISTING LOW-COST REACTION WHEEL DESIGN (BONAFEDE’S THESIS) 
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Figure 6. Bonafede’s Low-Cost Reaction Wheel Solution [1] 
 
2.3.1 INTERVIEW WITH SPONSOR   
Through weekly sponsor meetings, the team was able to gain an understanding of the wants and needs 
of the main customer- CPCL. The main proposed scope of work was building off the work done in 
Bonafede’s thesis on a 3-axis reaction wheel design. By the end of last year, the design was not able to be 
manufactured, built, and tested. Following more discussions with Dr. Bellardo, it was determined that it 
is well within the scope of the project to explore other design considerations, namely comparing housing 
design options. Design freedom of the housing is permitted, on the condition that it is able to build off of 
the work done in the original thesis, rather than causing a need to start from scratch due to a design 
decision made. In this, the mechatronics and controls systems of the design will remain intact and 
functional for the wheels and motors, even if housing or manufacturability changes are made. 
 
 
3.0 OBJECTIVE  
 
3.1 PROBLEM STATEMENT 
Purchasing reaction wheels from other companies is expensive and difficult to customize. Therefore, the 
Cal Poly CubeSat Laboratory needs a way to manufacture, assemble, and test their own reaction wheels 
for satellite positioning which will be integrated into a wide variety of future Cal Poly CubeSats. 
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3.2 STAKEHOLDER NEEDS AND WANTS 
Below is a list outlining CPCL’s identified needs and wants.  
  Achieving desired performance metrics for reaction wheels (i.e., forces and energy 
constraints and torque output)  
  Affordable (< $2,000 for total materials and manufacturing)  
  Manufacture a prototype within the Cal Poly Machine Shops  
  Shall survive launch and on-orbit environments   
  Shall meet typical mass budgets provided by launch providers  
  Shall be able to interface with standard CPCL Bus structure  
  Shall be able to fit in less than 1U volume (preferably ½ the volume of a 1U) 
  Completed prototype and build by end of year  
  Can be implemented in a variety of CubeSat projects  
 
3.3 BOUNDARY DIAGRAM 
The boundary diagram shown in Figure 7 provides a visual representation of the scope of this project. The 
orange circled sections of the drawing represent the parts of the project that we will be both responsible 
for and executing over the course of the year within Senior Project. Outside of these lines are tasks that 
are outside the scope of the project, however, the steps shown must still be considered when developing 
our designs. 
 
Figure 7. Boundary Diagram 
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3.4 QUALITY FUNCTION DEVELOPMENT (QFD) 
Within the process of quality function development (QFD) a house of quality was determined, weighing 
the various factors that determine customer needs/wants, methods of comparison, and engineering 
specifications for our design (see Appendix A). Customer needs/expectations were compiled using 
sponsor interviews, CPCL mission lead input, and largely based on Bonafede’s Thesis. These customer 
needs and wants were evaluated in the context of existing designs which included the design from 
Bonafede’s Thesis (current design) and 3 other competitors including Sinclair, CubeWheel, and Blue 
Canyon Technologies. Specifications were developed in the “How” sections taking into consideration the 
customer needs and wants as well as what kinds of requirements are essential for the project to be 
successful. These requirements were derived from the basic requirements outlined in Bonafede’s Thesis 
and other specifications that are necessary in reaction wheel design, development, and implementation. 
The specifications correlated with the customer needs and wants to that every specification was fulfilling 
at least one of the customer needs. At the bottom of the House of Quality (in the “How Much” section) 




Table 3 outlines the project requirements derived from the QFD/House of Quality process. Specification 
description comes from the “How” section of the QFD and is crossed referenced with customer needs and 
wants to understand the importance and get the requirement or target value. Our target values were 
derived mostly from Bonafede’s Thesis in which he outlines L standards and target metrics for reaction 
wheels in CubeSat applications. In some instances, these requirements come from industry standards or 
specific CPCL standards listed in proprietary documents that cannot be included as appendices, but they 
are referenced in the “Reference” column. The “Tolerance” column gives the acceptable variation from 
the target value, which in some cases is marked with “-“to indicate that we must hit the target value. 
“Risk” is how challenging we think it will be to meet each specification (H = High, M =Medium, L = Low). 
Finally, the “Compliance” column specifies how we will measure each of these requirements (see below 
table for key). 
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Table 3: Reaction Wheel Specifications Table 
Spec # Specification Description Requirement or Target Tol. Reference Risk Compliance 
1 Mass 660 g total 
165 g per wheel 
Max [1] L T, A 
2 Cost $2,000 for total system Max [1] M I, S 
3 Machinable Fulfill CPCL Structural 





Review Checklist  
(internal only) 
L I, S, A 
4 Size/Volume 10 cm x 10 cm x 5 cm 
(for total assembly - 
approx. ½ of a 1U volume) 
± 1 cm2 [1] H I, S, A 
5 Thermal Testing - 
Bakeout 
60 C for 6 hours or 70 C 
for 3 hours 
- CPCL Standard M T, A 
6 Vacuum Testing 1 * 10-4 Torr Max CPCL Standard M T, A 
7 Torque 1.0 mNm -10% CPCL Standard M T, A, S 
8 Momentum Bit 17.5 𝜇Nms Max [1] M T, A, S 
9 Total Momentum 5 mNms - CPCL Mission Leads L T, A, S 
10 Balance Quality 
Grade 
G2.5  - Balance Quality 
Grade Table 
(Appendix B) 
H T, A, S 
11 Deorbit Demise Does not survive re-entry 
from LEO 
- [1] L A 
12 Vibration Testing GEVS Acceptance PSD 
Profile 
Max NASA GEVS (NASA 
STD 7000 Table 2.4-
3) [21] 
M T, A 






Fulfill CPCL Structural 






(internal use only) 
H A, I 
14 Safety Fulfill Senior Design 







L A, I 
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3.5.1 SPECIFICATION MEASUREMENTS   
  Mass: Measured using a scale with +/- 0.001g tolerance  
  Cost: A budget and spending tracker will be kept by the team in which we will keep track of how 
much each member has spent and reimbursement status (reimbursements provided by CPCL). 
Before any parts are ordered, the total will be added up to ensure the budget is not exceeded  
  Machinable: Measured by inspection, similarity to machinable parts, and examined for features 
that are difficult to machine. All of these are outlined on the CPCL Structural Review Checklist 
(which is for internal CPCL use only). 
  Size/Volume: Found by measuring the radius and height of each wheel using a ruler or caliper. 
  Bake-out Testing: Measured through testing in TVAC chamber or thermal chamber, analyzing 
with results from thermocouples and inspection for pass/fail analysis.  
  Thermal Testing: Functional testing for survival of launch environment using Cal Poly’s thermal 
chambers.  
  Vacuum Testing: Measured through testing in TVAC chamber and pass/fail analysis. 
  Torque: The torque spec is based on the desired torque of the wheel and is controlled by the type 
of motor used in the reaction wheel. This will be measured by inspection of the motor and 
verification tests (measuring angular acceleration and rotational inertia of the motor shaft) to 
ensure the motor is outputting the correct torque.  
  Momentum-bit: Measured by using rotational inertia of the wheel and the saturation speed of 
the motor: 𝑑𝐿 = 	 𝐼'Δ𝜔*  (Rotational inertia is found by measuring the mass and radius of the 
motor shaft and rotational speed is by testing) 
  Total momentum: Measured by using rotational inertia of the wheel and the max speed of the 
wheel: 𝐿+,- = 	𝐼𝜔+,-  (Rotational inertia found by measuring mass and radius of motor shaft 
and rotational speed found using test) 
  Balance Quality Grade: Determined with balancing test 
  Deorbit demise: Analysis will determine if wheels burn-up upon re-entry using ODAR analysis. 
  Vibration Testing: A PSD profile is found by testing the wheels on a shaker table and measuring 
their output response. The response must be below the acceptance level presented by NASA GEVS 
(General Environmental Verification Standard) [21]. 
  Compatibility/Assembly: Measured by inspection and analysis to see if the mechanical and 
electrical interfaces are compatible and how well the reaction wheel assembly will interface with 
a satellite using the  
  Safety: Measured by inspection/analysis to meet all the guidelines on the Senior Design Hazard 
Checklist (Appendix A). 
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Some of the high-risk specifications listed in Table 3 are Size/Volume, Balance Quality Grade, and 
Compatibility/Assembly. These were identified as high-risk specifications because they will be the most 
challenging to meet. The size/volume requirement, is critical to an effective design, given that most 
CubeSat missions have a hard time fitting required hardware and payload into a 3U or less space. 
Additionally, with the balance quality grade requirement this is going to be the most difficult to meet 
precisely since it requires careful testing and adjustments. If the center of mass of the object rotating is 
not aligned with the axis of rotation, it will create vibrations perpendicular to the axis of rotation causing 
rotor imbalance and in result, inaccuracy of the attitude control [1, 22]. This requirement is the most 
important to meet because it will determine if the reaction wheels are qualified for orbit. The last high-
risk specification is compatibility/assembly. This requirement refers to how well the design can be 
implemented into a variety of future CubeSats (of varying sizes) and how easily the reaction wheels can 
be integrated and assembled into the spacecraft. This is high-risk because since the design needs to be 
compatible with a wide variety of bus structures and missions, it must be designed and implemented with 
flexibility and awareness of its limitations. Additionally, the wheels will be installed onto the spacecraft in 
a cleanroom environment which means they cannot be welded or soldered so if the wheels are difficult 
to assemble or integrate into the satellite, this would create a problem. These three high-risk 
specifications are what are going to be driving this project moving forward.  
 
4.0 CONCEPT DESIGN 
After clearly defining the scope of the project with specifications, the concept ideation and design process 
began.  First, a functional decomposition tree was developed to frame the next steps of the process which 
were ideation, brainstorming, and developing concept sketches and prototypes. Following ideation and 
prototyping, multiple methods of design selection were used in order to decide on a final design direction. 
These included Pugh matrices, a morphological matrix, and a weighted decision matrix which were all 
used to evaluate how well each design performs the desired functions and meets the desired 
specifications outlined in the QFD.  
The design process was mainly focused on the motor and flywheel housing and how they would interface 
with each other and the outer bus structure. Many different concept designs were formulated considering 




3.5.2 DISCUSSION OF HIGH-RISK SPECIFICATIONS  
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4.1 CONCEPT DEVELOPMENT – FUNCTION TREE 
In order to clearly define the desired functions of the housing, a function tree was developed where the 
main function was broken down into sub functions which occasionally also had sub functions. The main 
purpose of the housing design is to house the reaction wheel and motor system. Some sub-functions 
which are necessary to achieve this main function are to transfer torque and momentum from the motor 
to flywheel and flywheel to bus, ensure safety, protect internal components, mount reaction wheel 
system to the bus, restrain undesired motion, retain structural integrity, and orient in an effective 
configuration. The finalized function tree can be seen in Figure 8 below.  
 





Using the defined functions from the function tree, the team conducted multiple brainstorming sessions 
using different methods. The first was individual brainstorming. Before meeting as a team, each team 
member took 30 minutes to an hour to brainstorm solutions to each of the functions outlined in the 
function tree through sketches or documenting ideas. Then the first group brainstorming session focused 
on sharing those ideas and brainstorming as a group using Google Jamboard (see Appendix D) to formulate 
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solutions to our desired functions. Following this general brainstorming session, the team applied some 
more unique brainstorming methodologies such as “How might we?” statements and “Worst Possible 
Idea.” The results of those brainstorming sessions can also be found in Appendix D. 
4.2.2 FUNCTION CONCEPT SKETCHES AND PROTOTYPES 
During individual brainstorming, team members created concept sketches to better convey ideas and 
capture certain functions. These sketches are all part of ideation and do not represent the final concept 
ideas. Table 4 below compiles the sketches for reference. 
Table 4. Function Concept Sketches 
Idea & Function Sketch 
3-axis system all in 




Motor housing that is 
not covered by 
flywheel with latch 
door to provide 
ability adjust (protect 
motor, accessibility) 
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Full enclosure 
(protect motor and 








3-axis system with 
two separate 
housings (one in an L 
shape, the other 
integrating 
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Each team member individually created concept models using common household items and prototyping 
materials such as foam core board, hot glue, cardboard, skewers, and rubber bands in order to test the 
feasibility of designs formulated in ideation. A table of these function concept prototypes can be seen in 
Appendix E. 
 
4.3 CONCEPT SELECTION 
The process of concept formulation and selection began with creating Pugh matrices for the top four 
functions of the reaction wheel housing. The ideas from ideation and concept modeling were sorted and 
allocated to a certain Pugh matrix based on the function they perform. Using the top 3-4 ideas from each 
functional Pugh matrix, a morphological matrix was created where concept system designs could be 
formulated using different combinations of the top ideas from the Pugh matrices. From these 
combinations, five were selected as the top ideas and concept sketches were created to picture these 
ideas. The top 5 concept designs were then evaluated in a decision matrix using the customer 
specifications in order to select the best design to move forward with. 
4.3.1 PUGH AND MORPHOLOGICAL MATRICES 
The final concept was developed using Pugh Matrices and a Morphological Matrix. The Pugh matrices 
were used to evaluate design solutions for specific functions and the Morphological Matrix was used to 
combine them into one compete design.  
As previously stated, Pugh matrices were used as a way to compare possible design solutions for specific 
functions. The design solutions were compared against a “datum” (the design outlined in Bonafede’s 
Thesis [1]) based on a set of criteria specific to each function. The datum is assumed to be the control, 
meeting each criterion appropriately and thus is given a score of 0 for each function (resulting in a total 
score of 0). Alternative designs are then rated in comparison to the datum. The system used for scoring 
was based on a scale of “+, S, -”; where “+” indicated better, “S” indicated same, and “-” indicated worse.  
As a team we created a total of four Pugh Matrices for each of the major functions of the reaction wheel 
housing (see Appendix F). The four functions/attributes were the motor housing, the wheel housing, 
modularity, and Interface between the reaction wheel system and the housing. The design solutions for 
each of the functions were evaluated against a set of criteria specific to the function. In general, the 
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1) Affordability 2) Manufacturability 
3) Survivability of Launch/In-Orbit Environment 4) Low Mass 
5) Low Volume 6) Compatibility with Bus Structure 
7) Versatility with different CubeSats 8) Safety 
9) Wheel Protection 10) Assembly 
 
Morphological Matrices were used to establish full designs using combinations of the best function-based 
design solutions from the Pugh matrices. As shown below, each function/attribute had 4 possible design 
solutions (with the exception of the modularity function).  
Table 5. Morphological Matrix 
Function/Attribute Ideas by Function 
Motor Housing Cylindrical Rectangular Latch/Door No covering 
Wheel Housing X-Bracket 




with Cutouts No covering 
Modularity One Housing Per Wheel 
Removeable Motor and 
Wheel from Housing L-bracket  
Interface Back Plate Glue Full Body Glue Set Screw 
Press Fit 
Cylinder 
The motor housing concepts are self-explanatory; the outer shape would have been either cylindrical or 
rectangular. There were also added possibilities of a latch/door for access to the motor or simply no 
covering at all.   
The wheel housing designs consisted of either an enclosure with cutouts or a full enclosure (either 
rectangular or cylindrical). An enclosure with cutouts would have had the benefit of reduced mass, 
whereas a complete enclosure would have had the benefit of completely isolating the wheels from the 
rest of the spacecraft. Options for either no wheel housing at all or an X-bracket cap for the housing were 
also included for consideration.  
The modularity designs were one housing per reaction wheel assembly, a housing that allowed the motor 
and wheel to be easily removed, and an L-Bracket. Having a single housing per reaction wheel assembly 
would have provide the most versatility, allowing the wheels to be located anywhere in the spacecraft 
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independent of one another. An L-Bracket housing would have allowed the 3 reaction wheels to be 
assembled using the least number of parts (hopefully simplifying the manufacturing process). 
The concepts for interfacing between the motor and any form of housing consisted of glue (either to a 
back-plate or to the entire body of the motor), set screws, and a press fit into a cylindrical cutout. Using 
glue would have been the simplest method as well as one of the most secure. Both set screws and a press 
fit would have had the advantage of easily allowing the reaction wheel assembly to be removed, though 
in order to be secure the motor would need to be under compressive forces.   
4.3.2 TOP IDEAS 
Following system concept idea generation from the morphological matrix, five top level system concept 
designs were formulated in detail. Each one is presented and described below. 
 
Figure 9. Concept CAD 1  
The first system concept design is an L-bracket assembly where two reaction wheels are pre-attached in 
an L shape and the third can be attached or removed to the interface. This design uses a cylindrical motor 
housing inside the main housing that is attached by adhesive to the full body and the flywheels are 
covered by an x-bracket.   
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Figure 10. Concept CAD 2 
This concept design incorporates the entire 3-axis system with three reaction wheel systems into one 
square housing which allows for the most containment (no interference with surrounding parts) and 
easier mounting. Each flywheel/motor system would have a cylindrical housing and a housing around the 
flywheel with openings. The system would have the ability to remove the flywheels and motors from the 
housing and when assembled the motor housing will be secured with adhesive on the full body. 
 
Figure 11. Concept CAD 3 
Concept design 3 uses one housing per wheel and motor combination that consists of an x-bracket wheel 
housing that encloses the flywheel and a cylindrical motor housing that holds the motor and the motor 
attaches to the main outer housing with adhesive on the back plate. 
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Figure 12. Concept CAD 4 
Concept design 4 is a complete cylindrical enclosure for the flywheel and motor system containing a 
cylindrical motor housing with the motor secured to the housing by adhesive on the full body. Each 
wheel/motor combination would be separated for greater compatibility with different bus structures.  
 
Figure 13. Concept CAD 5 
The final concept design has an x-bracket wheel housing for the flywheel attached to a cylindrical overall 
housing with the ability to slide in the wheel and motor. The motor would have a square housing and 
would be secured by the back plate to the outer housing. This design would also have separate 
wheel/motor housing for each reaction wheel. 
 
4.3.3 WEIGHTED DECISION MATRIX AND DESIGN DIRECTION 
Taking into consideration the top 5 ideas described previously, a decision matrix was created to evaluate 
each concept system design against the customer specifications. First, to decide the weight of each 
  33 
  3-Axis Reaction Wheel Senior Design Project 
 
specification, a pairwise comparison was used and can be seen below. Each specification was evaluated 
against each other to determine with ones were more/less important to the customer.  
 
Table 6: Pairwise Comparison of Specifications 
 
From the pairwise decision matrix, volume and weight/mass were decided to be the more important 
specifications. From there, these weights were put into the weighted decision matrix and each concept 
design was scored on a scale of 1-5 (1 being the worst, 5 being the best) for how well it meets each 
specification. 
Table 7: Decision Matrix 
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Decision Matrices are used to compare possible solutions by weighing their contributing variables based 
on comparable importance. It logically creates a framework to make the decision on the final design based 
off the weighted number value determined rather than our personal biases towards each of the designs. 
We went through as a group, implementing the things found from the pairwise comparison and the 
morphological matrix, to assign scores to each value. There were three winning designs (ideas 2, 4, and 
5), where the weighted scores ranked the highest. In actuality, the final design was a mixture of two out 
of these top three winning designs; the two ideas that were combined for the preliminary concept design 
were idea number 4 and 5, residing on a complete square enclosure, a cylindrical inner motor housing, 
full-body adhesive, and an X-bracket wheel housing. 
The design selected is highly rated in manufacturability (2) because it does not have unnecessary X-
cutouts, which do not save significant mass. Also, the overall safety (8) and protecting the wheel and 
motor (9) are highly ranked as well because it is fully enclosed. Since each wheel/motor combination is in 
its own separate housing, this design is more compatible with different CubeSats and easy to assemble (7 
and 10). 
 
4.4 CONCEPT DESIGN 
 
The concept design that the decision matrix selected was Concept 4. However, while making the concept 
CAD and model, some design changes were incorporated from Concept 5 so that the final design concept 
was a combination of Concepts 4 and 5. Although both these had a cylindrical outer housing, after 
designing the CAD it was decided that a rectangular outer housing would be easier to machine on a CNC 
mill because it would have fewer curves and fillets with tight tolerances. Therefore, the concept design 
was adjusted to reflect this observation and the most updated version of the design that will be moved 
forward with in design analysis and CDR is presented below. 
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4.4.1 CONCEPT MODEL AND CAD 
 
A concept model and CAD were created to experiment with the feasibility and assembly of the top design 
and to visually demonstrate the preliminary design in detail. 
 
    
(a)        (b) 
 
   
      (c)                                    (d)    
Figure 14. Initial Concept Model 
A concept model was created using similar materials as the ideation models except building more to scale. 
Figures 14a-d show the concept model in different orientations. The outer housing of the reaction wheel 
is designed as a rectangular enclosure with four “pegs” or extrusions that extend from this enclosure to a 
x-bracket that can be removed and attached with fasteners demonstrated in Figure 14b and c. Inside the 
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on the entire body to the outer housing, as seen in Figure 14d. The flywheel and motor/motor housing 
system can be taken out of the outer housing in order to send to the balancing vendor, and then 
assembled by sliding it in through the front end where the x-bracket is. The flywheel is also shown 
removed from the shaft in Figure 14b, however, after it is balanced it will not be removed for any more 
adjustments.  
     
      (a)                                        (b)    
Figure 15. Secondary Concept Model 
 
A secondary concept prototype was fabricated using 3D printing to further show detail of how the 
assembly will fit together, shown in the figure above. Due to the small size of our project, it was valuable 
to have a more accurate representation of the housing and reaction wheel interface. There were various 
pieces of the housing that did not have the clearance to fit together without some sanding to refine the 
clearances. Another lesson learned from this prototype is the future difficulty in #0-80 bolts. These bolts 
require specialty small Allen wrenches (0.050”) not found in many standard sets. Also, most #0-80 taps 
are relatively short, which begs the question of what the proper thread engagement level is. Both issues 
with these bolts will be troubleshooted and analyzed in our steps after the preliminary design. 
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Figure 16. Exploded View of Concept CAD Model 
Figure 15 shows a comprehensive overview of the reaction wheel assembly. The x-bracket is attached to 
the extruded “pegs” that extend out from the main body (outer housing) with #0-80 x ¼” screws. The 
outer housing contains the flywheel which is attached to the motor by the motor shaft. The motor shaft 
is then contained by the motor housing which goes inside the outer housing. This design is ideal because 
it allows the motor/flywheel assembly to be taken out of the outer housing to send to be balanced, and 
then it can slide back in and the motor housing can be secured will full body adhesive. 
 
  38 
  3-Axis Reaction Wheel Senior Design Project 
 
 
        (a)            (b) 
Figure 17. Isometric Views of Concept CAD Model 
The system design can be seen in its assembled form in the isometric views in Figure 16. The outer housing 
serves as a way to house the motor and motor housing as well as protect the flywheel from other 
components in the satellite such as harnessing (wiring) while still being mass efficient. The back view 
shows the motor’s ribbon cable that will attach to the controller and other electronics in the CubeSat. 
There is a cutout in the outer housing that allows space for the ribbon cable and it will be removed when 
the motor assembly is inserted into the motor housing. 
The outer housing is attached to the bus through fasteners and can be attached from any one of the 5 
sides of the back of the housing. The concept of having the three reaction wheels separate is that they 
can be incorporated anywhere in the bus structure and be more efficient than putting a block of all three 
of them together. However, they have the flexibility that they can be bolted to each other to form one 
system. 
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Figure 18. 3-Axis Reaction Wheel Layout integrated into a 3U Size CubeSat 
Shown in the figure above is a 3-Axis Reaction Wheel Layout on a typical 3U CubeSat bus structure. The 
design provides the flexibility to place an individual reaction wherever there may be space in the CubeSat.  
 
Figure 19. Reaction Wheel and Bus Structure Interface 
The Reaction wheel system can be seen interfaced with CubeSat structure via two #0-80 screws that 
thread into the Blue outer housing. The mounting holes on the other 3 faces of the outer housing allow 
the system to be oriented in a direction that is favorable for the ribbon cable to be harnessed to the 
spacecraft and routed to electronics.  
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Some of the design features that are undefined and that will have to be evaluated and refined before the 
critical design review are listed below: 
1. Modularity 
a. How can we attach 3 wheels together to create an optional 3-axis design while also 
having the ability to mount each one separately? 
2. Assembly 
a. Is the motor wire removeable so that the motor/wheel assembly can slide into the 
outer housing from the x-bracket side? 
3. Symmetry with fastener holes 
a. How can each face have four holes for attaching to the bus/each other without 
interfering with other holes? 
b. Can the length of the tapped hole be reduced? This will need an analysis of thread 
engagement 
4. Holes for epoxy to seep out when setting 
5. Can Larger Diameter screws be used? 
 
4.5 PRELIMINARY ANALYSIS 
Prior to any detailed design analysis, preliminary analysis was done to evaluate if the concept design will 
meet the engineering specifications. It must be noted that not all of the system requirements defined in 
section 3.5 of the report can be evaluated with respect to the housing design, such as momentum bit, 
torque output, and balancing grade and have already been evaluated in Bonafede’s thesis of the 
preliminary wheel and motor design [1]. A complete analysis of the relevant specifications is provided on 
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Table 9. Cost Breakdown Estimate of Concept Design 
Item 
qty Cost Subtotal 
[-] [USD] [USD] 
Controller 3 $83.22  $249.66  
Motor 3 $323.00  $969.00  
Wheel 3 $22.21  *$22.21 
Motor Housing 3 $4.15  *$4.15 
Outer Housing 3 $65.43  *$65.43 
X Bracket  3 $13.43  *$13.43 
Screws  12 $3.54  *$3.54 
Balancing per Wheel 3 $100.00  $300.00  
*= Cost for Stock for qty of 3(or qty >12) Total $1,518.66  
 
Table 10. Mass/Volume Budget Estimate of Concept Design  
Item 
qty Material Mass Mass Subtotal Volume  
Volume 
Subtotal 
[-] [-] [g] [g] [cm^3] [cm^3] 
Controller 3 - - - - - 
Motor 3 - 13 39 2.13 6.39 
Wheel 3 
316 Stainless 
Steel  11.45 34.35 1.43 4.30 
Motor Housing 3 
6061 T6 
Aluminum 2.52 7.56 0.93 2.79 
Outer Housing 3 
6061 T6 
Aluminum  24.81 74.43 9.19 27.57 
X Bracket  3 
6061 T6 
Aluminum  1.54 4.62 0.57 1.71 
Screws  12 
18-8 Stainless 
Steel 0.11 1.32 0.01 0.12 
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4.5.1 BALANCING PLAN & SPECIFICATIONS 
The rotor balancing process is one that this team is familiar with through the Cal Poly ME 318 Mechanical 
Vibration course. However, the equipment needed to achieve a residual imbalance within the tolerance 
of around the width of single grain of salt is not something that the Cal Poly Facilities possesses. Therefore, 
the team has selected an outside vendor to balance the flywheel on the motor shaft. The team has 
selected Electronic Balancing Co. located in Wilmington, CA for reaction wheel balancing. This Balancing 
process was deemed a scheduling risk for manufacturing and testing on time and because of this risk, the 
team decided to select a balancing vendor before PDR.  
The minimum residual imbalance (balance grade) the flywheel will be balanced to is a G2.5 quality grade 
at 5 Krpm max service speed corresponding to a permissible residual imbalance of 0.5 g-mm/kg rotor 
mass. This specification was selected through the Balance Quality Grade for Rigid Rotors Table in Appendix 
C.  
The Balancing Specifications and Vendor was selected with the guidance of Cal Poly CubeSat Lab’s 
connection, Aerospace Corporation, located in Los Angeles, CA. Aerospace Corp. has balanced hundreds 
of small reaction wheels for Picosatellite applications with Electronic Balancing Co. which is why they are 
a trustworthy vendor to balance the wheels.  
The price for a single wheel’s balancing is $85-$95, with a lead time of 1-5 days within receiving the parts. 
Given this information the team conservatively budgeted $100 per wheel and 5 days of lead time.  
The process involves the shipping the assembled motor, wheel, and motor housing assembly to the 
vendor and emailing a detailed drawing of the flywheel to the balancing engineer indicating where 
material can be removed.  
The team learned from the Chief Balancing Engineer (Lance Kouchi) at Electronic Balancing Co. that many 
companies tend to bend the motor shaft when pressing the wheel onto the shaft on their first couple 
batches of wheels (including Aerospace Corp.). Knowing this additional schedule risk, the team has 
allocated time to test press fitting techniques on machined “practice” shafts instead of the motor shafts. 
These press fitting tests will save the team both time and money.  
 
4.6 RISK ASSESSMENT 
As referenced by the Design Hazard Checklist (Appendix B) there are various hazards to our design that 
must be considered. Some of these are unable to be avoided, such as the potential for pinch points in the 
assembly when press fitting the shaft to the wheel. This press-fit will be a definite challenge, not only for 
its tight tolerances, but also in maneuvering such small components. When running the spinning wheel 
no one will have hands near it, so this is not a great concern or hazard under continual use. 
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Furthermore, there are both a flywheel and stored energy in the design as stated in the checklist as a risk. 
However, this risk is again accounted for because this spinning will not be occurring during either assembly 
or testing phases and be of no risk to the people handling assembly. To reduce the risk of the flywheel 
detaching or forming a projectile, an outer wheel housing was designed. In this design choice, it not only 
reduces risk to the mechanism itself, but also the risk posed where the wheel could damage other parts 
of the CubeSat. 
One more hazard that was accounted for in the design is that it will be exposed to extreme environmental 
conditions, as observed in both the high energy launch environment and in the cold vacuum of space. To 
account for this hazard, TVAC and vibrational testing is used. Another unknown that must be approached 
is how the fixture for the testing will be designed. Again, this challenge occurs due to the size of our project 
being much smaller than most things that are tested using the TVAC chamber and vibes table. 
There were quite a few hazards on the checklist; however, most do not occur in our design as a result of 
its small size considering it has no large moving masses, no overhanging weights, low noise levels, and no 
flammable or toxic substances. All sharp edges are filleted, so they are not a danger to either the 
personnel in assembly or the other components of the CubeSat. Therefore, by referencing the hazard 
checklist closely, along with our own personal judgement, the design was made to account for any dangers 
it would encounter, and the team is aware of the unknowns yet to solve for. 
 
5.0 FINAL DESIGN 
 
5.1 POST-PDR FINAL DESIGN  
 
Following feedback from the project’s sponsor, Dr. John Bellardo, the senior project class, and CPCL 
Mechanical Team, the reaction wheel design was updated and finalized. Some of the updates include 
adding a slot on all four sides of the back face of the outer housing (Green) for the motor wire to be 
routed, improving hole symmetry and screw selection on two sides and the back face, refining spacing in 
between the housings for epoxy, adding a motor end cap, and changing the material that the motor will 
be machined from. These design changes will be discussed in further detail later in this section.  
The final design consists of three identical reaction wheels, each with three subsystems. The subsystems 
are the motor system, flywheel system, and outer housing system. Within the motor subsystem is the 
Maxon EC 10 mm diameter motor, the motor housing made of HyMu 80 alloy, and the motor end cap also 
made out of HyMu 80. The flywheel subsystem only consists of the 316 Stainless Steel flywheel which will 
be press-fitted onto the motor shaft. The final subsystem is the outer housing which will consist of the 
main housing and the x-bracket that will be attached with #2-56 screws. A detailed description of the 
assembly plan will be discussed in later sections.  
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The reaction wheel system in Figure 20 shows the integration of all the subsystems and components into 
the top-level final assembly.  
 
           (a)                                                                                              (b)  
Figure 20. Reaction Wheel System Assembly 
Figure 20 shows the newly added motor end cap that will fully cover the motor along with the original 
motor housing. The motor wire can also be seen routed out of the back of the reaction wheel system 
noting that the full length of the wire has been removed for clarity of the reaction wheel design. 
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Figure 21. Exploded View of Reaction Wheel Assembly 
In Figure 22 below, a detailed image of the outer housing shows the mounting holes both on the side and 
the back of the housing that are threaded #2-56 holes. The holes are located on both the side and the 
back for options when mounting the reaction wheel assembly to the spacecraft bus structure. 
Additionally, the slots for the motor wire exist on four sides to also allow for versatility in mounting since 
the mounting of the reaction wheels will depend highly on how easily the motor wire can be routed to 
the main electrical circuit board stack. A hole for epoxy leakage was added to the side face to allow for 
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(a)            (b) 
Figure 22. Outer Housing  
Figure 23 shows the motor housing, which will be made of high permeability HyMu 80 alloy that protects 
the motor from emitting harmful magnetic fields. Its thickness is ideal for protecting the electric 
components inside and the outer ridge allows for proper placement into the outer housing.   
 
Figure 23. Motor Housing 
The motor end cap is shown in Figure 24 and will also be made out of HyMu 80 alloy. It features a slot for 












epoxy to leak 
out 
Ridge for placement 
into outer housing 
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Figure 24. Motor Housing Endcap 
The final component is the x-bracket that will be attached to the end of the pegs of the outer housing in 
order to protect the flywheel from interfering with other components. It features 4 holes for each #2-56 
screw to attach to the pegs.  
 
Figure 25. X-Bracket 
The design will function by a pre-programmed controller sending instructions to the motor via the 
attached wire to specify the rpm. The motor will then spin the flywheel up to the specified rpm 
(performance characteristics will depend on controller selection and design, as specified in Bonafede’s 
thesis) in order to produce a momentum impulse on the spacecraft to orient its position. The reaction 





Holes for #2-56 
screws 
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wheel system’s main performance will be in space, but testing will occur under normal atmospheric 
conditions and in a vacuum TVAC chamber to simulate space conditions.  
The purpose of the inner (motor) housing is to protect the surrounding electrical subsystems in the 
spacecraft from the electromagnetic induction produced by the motor. The material used is HyMu-80 
which is a magnetic shielding alloy whose main characteristics is high permeability used to shield against 
static or low frequency magnetic fields such as that produced by the motor. For more information on the 
HyMu-80 shielding alloy, refer to Appendix H.  
The first design change made after PDR was to add more slots to the back face of the outer housing. This 
was to address the issue of symmetry and versatility when mounting the reaction wheel system to the 
spacecraft bus structure. Adding more slots to the back face allows the wire to be routed in any direction 
depending on the location of the reaction wheel. The motor will just have to be installed according to the 
mounting configuration needed because the motor wire is not removable. Additionally, because the slots 
were added, some of the holes on each side were removed to only leave mounting holes on one side 
because the versatility with mounting can be adjusted based on the motor configuration. This eliminates 
the hole interreference that occurred when there were mounting holes on each side face of the outer 
housing. The hole sizes were also increased to incorporate #2-56 screws since the #0-80 screws are very 
small and would have a greater risk for shear and tear out during launch environment. The #2-56 screw 
size still fits into the design with a distance of two times the diameter to the edge of the housing.  
Another design update was increasing spacing between the motor and inner housing and between the 
inner housing and outer housing for epoxy. After researching the spacing used by Aerospace Corp. for 
Scotch Weld Epoxy, it was determined that a spacing of 0.3 to 0.5 mm would be enough for the epoxy to 
properly set.  
The final major design change after PDR was adjusting the material that the motor housing will be 
machined out of and adding a motor end cap. In order to fully enclose the motor, however, an end cap 
had to be added so that the end of the motor would not be exposed. The end cap must have a slot in it so 
that it can be inserted onto the back of the motor without interfering with the cable and secured to the 
end of the motor housing with adhesive.  
5.1.1 Electromagnetic Interference Mitigation (EMI)   
With the compact packaging constraints that come with developing a picosatellite, the chance that a 
magnetometer is near a Reaction Wheel assembly is high. As mentioned previously, the motor produces 
a magnetic field that is not negligible to surrounding electronics. The sensor that is particularly 
concerning if readings are inaccurate is a magnetometer. A magnetometer is frequently used in 
conjunction with reaction wheel systems in order to precisely determine a spacecraft’s attitude.  
 
Electromagnetic Interference is mitigated on motors by surrounding the motor with a high magnetic 
permeability material with minimal hysteresis loss.  
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The team approached this issue by relying on magnetic shielding testing data supplied by an Aerospace 
Company affiliated with the lab. The material used in the test was the HyMu-80 material mentioned in 
previous sections. While the team could have chosen their own material, we would not have any sort of 
testing data on the efficacy of the magnetic shielding properties of the material. 
 
Finally a machined housing was chosen as opposed to sheet metal due to the assembly complications 
the sheet metal would introduce and the lack of test data that was supplied to us regarding a Hymu-80 
sheet metal’s efficacy against EMI. 
5.1.2 Structural Prototype   
After refining the design, plans to manufacture a structural prototype were formulated. The goal of the 
structural prototype is to get a better idea of how the flywheel and motor shaft will be press-fitted. Since 
the motor shaft has a basic size diameter of 1 mm and the press-fit must be secure in order to maintain 
the proper moment of inertia at the center of mass, the tolerances are small and precise (see section 5.2.3 
Hole Fit Analysis for a detailed description). Additionally, the shaft is very thin and extra precaution must 
be taken when press-fitting not to bend or break the shaft. Therefore, our structural prototype will be 
utilized to test the hole fit and press-fitting, as well as practicing the manufacturing of the flywheel and 
ordering necessary additional tooling. 
The manufacture of the wheel was a learning process, not only to get refamiliarized with the CNC Lathe 
and Mill but also in the manufacturing operations that would be needed in the first iteration of the CAM 
(computer automated manufacture file that is how the machines are programmed). One bit takeaway 
was work holding methods. The first plan was to use the rotary vice on the CNC mill (after the outer 
diameter was turned and parted on the lathe), however a better method was used. A member of steel 
bridge graciously lent us her soft jaws (able to hold the smaller diameter of the wheel), but in future 
iterations it is a good idea for us to make a set of our own. Furthermore, it was a learning experience to 
utilize the chamfer tool on the CNC, as we had never done that before, so the part had much bigger 
chamfers than intended for this structural prototype. 
The goal of our structural prototype was to learn not only about the manufacturing method but, more 
importantly, to attempt a press fit onto the wheel. In the manufacture of this, a clearance hole of 1mm 
was made, as we had not yet purchased the tiny drill bit or reamer necessary to do an interference fit. 
However, this was a good mistake because even though technically the holes should have fit together, 
there was still a need to press them together (not by hand). Since the hole was tighter than we were 
expecting, we reflected this design to do an analysis of a clearance hole and have such begun investigating 
epoxies needed to secure this clearance fit.  
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MicroVue Coordinate Measurement Machine for 
Shaft Measurements 
Initial Structural Prototype Hole Test Fit 
Figure 26. Initial Structural Prototype Measurements and Assembly Testing 
 
Above is a picture or our first attempt at a press fit using a mini arbor press to make sure that the shaft 
was perfectly vertical in the hole. Due to the strength of the arbor press, and not using any fixturing, the 
shaft protruded through the top of the wheel more than it was supposed to. This test was with a shaft 
diameter of 0.0384” (measured on the optical comparator, see Figure 26). This corresponds to the 
clearance fit performed in the hole fit analysis found in section 5.2.3. It was discovered that the way that 
we press fit the shaft caused it to lose its concentricity, so we decided to reattempt the press fit on a 
second shaft. 
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Figure 27. Second Hole Test Fit 
For the second hole fit test, the other side of the same original shaft was used. Both ends of this shaft 
provided a clearance fit for the hole created, one side was measured as 0.0381” diameter. For the second 
press fit, it was performed by hand to see that it was able to be done without an arbor press successfully. 
When this second press fit was performed, a small wooden fixture was created to be able to align the 
press end of the arbor press and the top of the flywheel so that it would be properly concentric with the 
shaft. For our actual design, we decided that it would be a better idea to have a metal fixture for this 
operation, so that it would be able to be more repeatably positioned. This fixture would be an additional 
part to manufacture but is still a relatively simple lathe part. 
 
Table 11. Prototype Measurements 
Wheel Shafts Hole-Shaft Fit 
Measurement (in) (mm) Portion of 
Shaft 
(in) (mm) Difference 
(mm) 
  
OD 0.829 21.0642 1 left 0.0389 0.98806 -0.010160 interference 
ID Hole 0.039 0.9779 1 right 0.0392 0.99568 -0.017780 0.038 0.97536 2 left 0.0381 0.96774 0.010160 clearance 
Thickness 0.392 9.9568 2 right 0.0384 0.97536 0.002540 
 
After the assembly was performed, the shaft was spun on a hand drill to accelerate its rotation up to 1600 
rpm. When this was successful, the shaft was secured in a lathe to be spun up to 2000rpm for 
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approximately five minutes. This was also a successful test, where the wheel did not fly off the shaft at all. 




5.2.0 Target Structural Margins/Factors of Safety  
To ensure adequate target safety factors were selected we consulted the NASA General Environmental 
Verification Standard that is widely used by the Aerospace Industry. From the table shown below we are 
going to be performing Static Structural Analysis on a Metallic material and since we are validated with 
only analysis and not performing a test in a centrifuge, we will be targeting a safety factor of 2.6 when 
compared to Ultimate Strength. 
 
Figure 28. NASA GEVS Factor of Safety Standards [21] 
5.2.1 Critical Speed Shaft Analysis 
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The motor shaft from the vendor, Maxon, is made of 316 Stainless steel with a specified no-load speed of 
57,100 rpm, 12N max force for press-fit (approximately 2.7 lbs.), and 2N max radial load. However, the 
max speed of the flywheel is limited by the saturation speed of the motor which is 53,400 rpm. The weight 
of the stainless-steel flywheel is 0.11 N so from initial inspection, the flywheel should not bend or break 
the shaft. However, since the flywheel is much larger than the shaft and will be spinning at high rpms, a 
critical shaft analysis was necessary to ensure the safety of the shaft. The operational speed of the 
flywheel was set equal to 57,100 rpm because even though the flywheel will be operating in a range from 
0-53,400 rpm, the maximum case scenario was used for operation speed to ensure a conservative 
estimate. Using this operation speed and the dimensions specified in the drawings, it was determined that 
the max shaft displacement under rotational loading was 1.55 x 10-10 m, which is essentially negligible. This 
gives the shaft diameter a safety factor of 42 which is well within reason. For the detailed analysis, see 
Appendix K. 
5.2.2 Quasi-Static Acceleration Loading for Spacecraft Applications 
During the launch of a launch vehicle or rocket various axial and lateral acceleration loads are imparted 
by the launch vehicle on an on-board spacecraft through a complex mix of vehicle accelerations, pitch 
maneuvers, aerodynamic buffeting, and coupling of loads. These quasi-static acceleration loads can be 
typically found in a launch provider payload user guide. Shown below is an Axial-Lateral Acceleration 
diagram found From Firefly Aerospace’s Alpha Rocket and the SpaceX Falcon 9 rocket. As seen in the 
charts below the maximum axial and lateral acceleration varies from one launch vehicle to another. Since 
the team aims to design a system that can achieve adequate safety margins for a wide variety of launch 
vehicles, we conservatively assumed axial and lateral acceleration factors of 10g.  
    
Figure 29. Quasi-Static Acceleration Load Factor Plot for Alpha and Falcon 9  
5.2.3 Quasi-Static Acceleration Loading Shaft Analysis 
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 A critical area in the reaction wheel system that we decided to analyze is the shaft bending stress that is 
induced by the mass of the flywheel. We decided that an appropriate engineering model for the flywheel 
mounted onto the shaft was a fixed-free cantilever beam. We conservatively concentrated the mass of 
the wheel to the free end of the shaft. Shown below is a cross sectional view of shaft-flywheel system and 
the corresponding engineering model we chose for the system. Where l is the length of the shaft, and F is 
10 times the weight of the flywheel. This model yielded us a max bending stress of 32.57MPa, which in 
turn yielded us ultimate strength factor of safety of 19.49 for a Carbon steel shaft. This design margin 
greatly exceeds our target factor of safety of 2.6. For detailed hand calculations consult Appendix P.  
    
Figure 30. Shaft-Flywheel Engineering Model   
5.2.4 Quasi-Static Acceleration Loading Threaded Fastener Analysis 
Another critical area in the reaction wheel system that is of concern when accelerating 10g’s was the 
fastened interface that secures our entire Reaction Wheel Assembly to the spacecraft structure. The 
engineering model that was chosen was to conservatively assume that one critical screw would take the 
load of the entire reaction wheel assembly. A center of mass was found using a tool available in Solidworks 
CAD software. We then conservatively analyzed the bolt that would have the furthest center distance. 
Seen below is the center of mass imposed on the CAD model and the center distance from the center of 
mass to the furthest screw.   
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Figure 31. Threaded Interface Engineering Model   
The mass of the reaction wheel assembly was conservatively lumped at the center of mass of the 
assembly. The shear and bending stresses induced by the 10g loading were then analyzed and summarized 
in a Von Mises stress calculation. The fasteners of concern are #2-56, 18-8 stainless steel screws, and the 
target factor of safety is again 2.6 as per the NASA GEV Standard. The maximum bending stress induced 
on the fastener was 74.03MPa and the maximum shear stress was 1.66MPa. It was observed that the 
major stresses induced on the system were due to bending. The ultimate tensile strength of 18-8 stainless 
steel is 482.6MPa (70ksi), producing a minimum factor of safety of 3.78, which happens to be well above 
our target margin.  
 
5.2.5 Thread Engagement Fastener Analysis 
It is preferable to have the fastener break rather than strip out the threads if a joint is going to fail. 
Therefore, an analysis was performed to see the threshold of minimum length of screw engagement was 
successfully achieved with the length of bolts selected, as shown in Appendix Q. The fastener sizes and 
specifications are consistent for both the side mounting of the outer housing to the CubeSat Structure as 
well as the front-face mounting of the X-bracket. In this analysis, it was determined that the minimum 
length of engagement is much less than the threaded portion of the fastener. This means that the 
minimum thread engagement was successfully surpassed. From this, it can be concluded that the bolt will 
break before the threads strip out of the housing, which is a preferable failure mode for the system. So, it 
was found that the ¼” #2-56 fastener is satisfactory, and this analysis is consistent for all parts of securing 
both components to the outer housing and the outer housing to the overall CubeSat Structure. 
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5.2.6 X-Bracket Interface Loading Threaded Fastener Analysis 
A simple secondary loading analysis was performed for the force applied to the X-Bracket, shown in 
Appendix R. This verification attests to the security of our design (as it protects the internal CubeSat 
components from the event of a failure). It was assumed that all bolts equally share the loading for this 
analysis, distributed along the four corners of the X-Bracket. The maximum allowable stress that each 
fastener could retain was determined to be 43.5 lbf, working backwards from the overall yield stress 
specified. Another basic analysis performed within this was loading the force as a 10 g launch 
environment, utilizing the mass of the flywheel as 11 g. With these conditions a calculated 10 ksi, which 
is also well below the 30 ksi ultimate loading stress. Therefore, from this basic overview, the fastener 
analysis for the X-Bracket showed that these will not be the main point of failure if the flywheel were to 
become dislodged from its shaft.  
 
5.2.5 Hole Fit Analysis 
 
The mounting of the motor shaft to the flywheel hole must be precisely sized for a press fit. Originally, an 
interference fit was chosen to assure that the wheel would be properly secured to the motor since it will 
be spinning at extremely high rpms. However, concerns were raised regarding bending the shaft during 
press-fitting since the maximum load for press fit specified by the motor vendor is 12N. An interference 
fit would increase the risk of bending the shaft when mounting the flywheel on the motor shaft. Therefore, 
calculations were done for a clearance fit as well.  
Referring to Table 7-9 in Shigley’s Mechanical Engineering Design [25] the optimal clearance fit for this 
application is the locational clearance fit H7/h6 based on ISO standards. The capital letter refers to the 
hole and the lower-case letter refers to the shaft. Since the shaft tolerances are provided by the 
manufacturer are predetermined, the denotation “h” for the shaft (meaning no deviation) is satisfactory. 
In ISO standards, the letters represent the fundamental deviation, and the numbers represent the 
tolerance grade used to calculate the maximum and minimum dimension of a hole and shaft. For the 
shaft, the basic size is 1 mm, and the deviations are -0.009 mm and – 0.003 mm. Since tolerance grade is 
calculated from the difference between the maximum and minimum dimensions, the tolerance grade for 
the shaft is 0.006 mm, which matches the grade in Table A-11 in Shigley’s [25] for IT6 and a 1 mm basic 
size. Table A-12 in Shigley’s specifies fundamental deviations for shafts based on the letters of the fit (all 
Shigley’s tables referenced can be seen in Appendix N). Since both the hole and the shaft are “h” then 
their upper and lower deviations are both zero. Plugging this into the fundamental equations yields the 
following fits and tolerances.  
The same process was done for an interference fit, choosing the medium drive fit H7/s6. However, since 
the shaft has given tolerances and cannot have deviations, the lower-case letter must be changed to “h” 
indicating no deviation making this interference fit H7/h6. The same process was done for the interference 
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fit as described in the clearance fit. The results are presented in Tables 12 and 13 below. For the full 
analysis of both an interference and clearance fit, please see Appendix M. 
Table 12. Hole Fits and Tolerances for Clearance Fit 
 Hole Shaft  
Nominal 





-0.003  -0.009 
Maximum 




(mm) 0.997 0.991 
Max Clearance +0.014 
mm 
 
Table 13. Hole Fits and Tolerances for Interference Fit 
 Hole Shaft  
Nominal 





-0.027  -0.009 
Maximum 




(mm) 0.973 0.991 
Min Interference  
-0.008 mm 
 
According to these fits, the tolerance for the hole is 0.01 mm for both a locational clearance fit and 
medium drive fit, which is equivalent to 0.3 thou. This is a very tight tolerance but may still be possible 
with a specialized reamer. If this tolerance proves to be too tight, a larger clearance fit will be used, and 
the hole will be filled with a special adhesive to bond the shaft and hole.  
 
5.3 SAFETY, MAINTENANCE, AND REPAIR 
 
The main concerns for safety of our wheel lie in avoiding damage to other components within the satellite. 
This safety concern guided a lot of our design in creating an outer housing in the case of the wheel flying 
off of the motor shaft. Since the flywheel will be spinning at high rpms and accelerating and decelerating 
to produce an impulse, the x-bracket was created to prevent the flywheel from damaging other 
components in the spacecraft.  
The other safety concern would be in the process of testing for TVAC, vibrational loading, and controller 
function. This would be the only time that the reaction wheel assembly would be directly running when 
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humans are present. However, during these tests, proper Personal Protective Equipment (PPE) will be 
worn, so that this safety is handled. Once complete, these designs will have no maintenance or repair, as 
they will be inaccessible in a launched CubeSat. For a full analysis of other safety concerns, see Appendix 
B for the Design Hazard Checklist. 
 
5.4 COST SUMMARY (PRE-PROCUREMENT) 
 
The total budget for this project was specified as $2,000 and the project remains under the budget at a 
total of $1,858.04 for components and balancing (not including tax and shipping and handling). However, 
there will also be additional costs for tooling that will increase the budget over the specified limit. With 
permission from the sponsor to go over-budget, the project has moved forward with purchasing and 
procurement. 
For the controller and motor subsystem, the total cost includes one Maxon ESCON Module controller at 
$101.50 and 3 EC 10 motors at $323.00 each. This comes out to be $1,110.50 for this subsystem including 
estimated shipping and packaging costs.  
For the flywheel subsystem, the 316 Stainless Steel stock and cost for balancing each wheel comes out to 
be $339.97 without tax and shipping for the flywheel stock. The motor housing subsystem will be made 
out of HyMu 80 which will be $300 for the stock not including shipping and handling. The outer housing 
subsystem, including the x-bracket will be $79.66 not including shipping and handling.  
Extra components such as the scotch weld epoxy, screws, and the 1 mm stainless steel test shafts will 
come to a total of $67.91.  
The tooling cost and breakdown can be found in the manufacturing section and is considered to be 
longevity investments for CPCL for the project to be produced and manufactured in the future.  
5.5 DESIGN CHANGES POST-CDR  
The design was finalized in the critical design review report; however, a few changes occurred following 
CDR based on new information and feedback. The biggest of these changes was changing the size of the 
hole in the flywheel from an interference fit to a clearance fit with extra room for shaft-locking adhesive 
or epoxy. This was changed following a meeting with David Hinkley from Aerospace Corp. who 
recommended using a clearance fit with shaft-locking adhesive because of the high risk of bending the 
shaft with a press fit. Even if the press fit is a clearance fit as opposed to interference fit is still tight and 
would risk bending the motor shaft which would mean the assembly would be rejected from the balancer. 
Therefore, the diameter of the hole in the flywheel was increased by 1 thou from 0.039 inches to 0.040 
inches, again by recommendation of Aerospace Corp.  
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Another design change that was implemented post-CDR was more clearance between the motor housing 
and outer housing for epoxy. This was also increased by 1 thou. 
The mass-volume budget was updated with the HyMu-80 material for the motor housing and motor 
endcap, which is denser than the original proposed aluminum and increased the total mass. Additionally, 
some small tweaks to the design were made to accommodate more epoxy in between the motor and 
outer housing. The updates to Table 10 are shown in Table 14.  
Table 14. Final Mass-Volume Budget 
Item 
qty Material Mass 
Mass 
Subtotal Volume  
Volume 
Subtotal 
[-] [-] [g] [g] [cm^3] [cm^3] 
Controller 3 - - - - - 
Motor 3 - 13 39 2.13 6.39 
Wheel 3 316 Stainless Steel  11.45 34.35 1.432 4.296 
Motor Housing 3 HyMu 80  7.748 23.244 0.886 2.658 
End Cap 3 HyMu 80  4.12 12.36 0.47 1.41 
Outer Housing 3 
6061 T6 
Aluminum  27.13 81.39 10.05 30.15 
X Bracket  3 
6061 T6 
Aluminum  1.5 4.5 0.55 1.65 
Screws  12 
18-8 Stainless 
Steel 0.11 1.32 0.01 0.12 
   
total for 
3 196.164 15.528 46.674 
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6.1 MATERIAL PROCUREMENT 
 
A complete analysis of the manufacturing plan was performed to determine the procurement procedure 
for each component of the design. The entire structure was machined in-house, with the exception of the 
motors and controller which were purchased from Maxon.  
For the flywheel, inner housing, outer housing, and x-bracket that were machined in house, stock was 
purchased and procured from various vendors. For the flywheel, outer housing, and x-bracket stock was 
ordered from McMaster-Carr and arrived within four days of purchase. Members of the team split up 
ordering different parts and then filled out a reimbursement form to submit to the Cal Poly Corporation 
to be reimbursed from CPCL funds. The inner housing stock (HyMu 80) was more expensive and was 
purchased by the project’s sponsor directly and shipped to the CPCL office in approximately 2 weeks 
because it was a relatively small order since it was not purchased in bulk. The reimbursement form process 
was also used for tooling, with Rose ordering all tooling from McMaster-Carr and being reimbursed by the 
Cal Poly Corporation via reimbursement form.  
The other components that needed to be procured besides the tooling and stock were the Maxon motors 
and controller, #2-56 screws, and 1 mm test shafts. The Maxon motors and controller were more 
expensive so they were purchased directly by the project’s sponsor and shipped to the CPCL lab on 
campus. The lead time for the three motors and controller was approximately a week and a half. The #2-
56 screws were ordered from McMaster-Carr along with orders placed for stock and finally the 1 mm 
shafts were ordered from Amazon and arrived in three days.   
For a full list of components and their stock or material to be procured, see Table 16 below and refer to 
Appendix J for a more detailed summary on cost.  
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Table 15. Material Procurement Summary 
Item Qty Length/ Info Part Number Vendor 
Controller 1 
ESCON Module 24/2,  
4-Q servo controller, 2/6 A, 10-24 
VDC 
466023 Maxon 
Motor 3 EC 10 - 10 mm dia, brushless,  8W, w/ hall sensors 315173 Maxon 
Wheel Stock 1 316 Stainless Steel 2 ft rod bar stock, 7/8" dia 89325K19 McMaster 
Motor Housing 
Stock 1 
HyMu 80 bar stock 




Outer Housing Stock 1 6061 Aluminum  1" Thick, 2" x 48" 9246K781 McMaster 
X Bracket Stock 1 6061 Aluminum 0.09" Thick, 4" x 24" 89015K222 McMaster 
Screws 1 #2-56 x 1/4" Socket Head  (pack of 100) 92196A077 McMaster 




1 3M SCOTCH-WELD RT48 50ML; PRESSURE FIT HIGH-TEMP 054007-99632 rshughes 




3M Scotch Weld Epoxy Adhesive 
2216,  
Translucent, Part B/A, 2 fl oz kit 
n/a Amazon 
Soft Jaw Aluminum 1 Scavenged n/a All Industrial 
TiAlN-Coated High-
Speed Steel Drill Bit 2 1/16" Size 3202A244 McMaster 
TiN-Coated Carbide 
Rounded-Edge 
Square End Mill 
3 4 Flute, 1/8" Mill Diameter, 0.015" Corner Cut Radius 2851A211 McMaster 
Fast-Cutting Carbide 
Square End Mill 2 
AlTiN Coated, 4 Flutes, 1/8" Mill 
Diameter, 1/2" Length of Cut 8207A27 McMaster 
Fast-Cutting Carbide 
Square End Mill 2 
TiAlN Coated, 5 Flutes, 1/4" Mill 
Diameter, 3/4" Length of Cut 8207A49 McMaster 
Fast-Cutting Carbide 
Square End Mill 2 
TiAlN Coated, 5 Flutes, 3/16" Mill 
Diameter, 5/8" Length of Cut 8207A489 McMaster 
TiN-Coated High-
Speed Steel Drill Bit 3 
Wire Gauge 63, 1-1/2" Overall 
Length 29045A821 McMaster 
TiN-Coated High-
Speed Steel Drill Bit 2 
Wire Gauge 62, 1-1/2" Overall 
Length 29045A822 McMaster 
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In the budget, due to the various complex machining operations as well as incorporating the machining 
of a super-alloy (HyMu-80), approximately $500 was allotted for various tooling. The tool breakdown will 
order one of each tool required, allotting extra money in the budget to replace tools when they did break 
during the manufacturing process (especially of the MyMu-80 Alloy). The tool breakdown and the stock 
costs and sizes are included in the following two tables below. 
Table 16. Tooling Breakdown 
Tool  Component Cost (ea.) 
3/16” Coated Carbide Endmill All 25.03 
1/4” Coated Carbide Endmill All 31.28 
1/16” Drill Bit (x2) Inner Housing 4.36 
.0395” Drill Bit (x4) Test Wheels 3.25 
1/8” TiN Bull Nose Endmill Outer Housing 18.21 
1/8” AlTiN Coated Endmill Inner Housing and Wheel 24.45 
 
 
6.1.1 Final Budget Status 
The proposed budget for this project was $2,000 for all three assemblies of reaction wheels. After all 
expenses were recorded and computed, the project cost approximately $2,140. It is important to note 
that this is for the senior design project and does not reflect the total projected cost of the 3-axis reaction 
wheel system. The project cost accounts for all stock and tooling and procurement of all parts. The only 
difference between the total project cost and the projected cost is the cost of balancing. Our project only 
balanced one assembly and since it was expedited ended up costing $180 for one wheel instead of $100 
per wheel (for a three-wheel assembly). The proposed final cost of the reaction wheel system that should 
be referred to when budgeting for the cost of production and procurement in the future can be seen in 
Table 16. Also note that all tooling will not have to be re-purchased every time, so this final budget 
prediction might be more than required if tools do not have to be re-purchased.  
 
0.0385 HSS Straight 
Flute Chucking 
Reamer 
2 0.0385 HSS 416-0652 Shars 
0.04 HSS Straight 
Flute Chucking 
Reamer 
2 #60 (0.0400) 416-0222 Shars 
TiAlN-Coated High-
Speed Steel Drill Bit 2 1/16" Size 2851A212 McMaster 
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Table 17. Final Cost Summary 
Item Qty 
Cost Subtotal 
for 1 for 3 
Controller 1 $101.50  $101.50  
Motor 3 $323.00  $969.00  
Wheel Stock 1 $39.97  $39.97  
Motor Housing Stock 1 $300.00  $300.00  
Outer Housing Stock 1 $65.43  $65.43  
X Bracket Stock 1 $14.23  $14.23  
Screws 1 $6.49  $6.49  
Balancing per Wheel 3 $100.00  $300.00  
1 mm shafts 2 $5.31  $10.62  
Epoxy: Scotch Weld Epoxy *in lab 1 $50.80  $50.80  
Maxon Adapter (for motor ribbon cable) 1 $19.75 $19.75 
Soft Jaw Aluminum 1  $25.00   $25.00  
TiAlN-Coated High-Speed Steel Drill Bit 2  $4.36   $8.72  
TiN-Coated Carbide Rounded-Edge 
Square End Mill 3  $18.33   $54.99  
Fast-Cutting Carbide Square End Mill 2  $24.52   $49.04  
Fast-Cutting Carbide Square End Mill 2  $31.28   $62.56  
Fast-Cutting Carbide Square End Mill 2  $25.03   $50.06  
TiN-Coated High-Speed Steel Drill Bit 3  $3.06   $9.18  
TiN-Coated High-Speed Steel Drill Bit 2  $3.60   $7.20  
0.0385 HSS Straight Flute Chucking 
Reamer 2 $18.62  $37.24  
0.04 HSS Straight Flute Chucking Reamer 2 $23.47  $46.93  
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6.2 MANUFACTURING TECHNIQUES 
For highly complicated machining parts computer-aided design/computer-aided manufacturing 
(CAD/CAM) and computer-numerical-control (CNC) techniques are some of the only ways in our student 
shops to obtain tight tolerance parts in a reasonable amount of time. Most of the machining was 
performed in Mustang 60 utilizing the two CNC Mills (the Haas VF3 and the Haas Mini Mill) as well as the 
CNC Lathe (Haas TL-1). The only parts machined in the Hangar were the set of milled soft jaws and some 
drilled holes in the inner housing. Last quarter, Winter 2021, a member of our senior project team was 
able to get CNC Lathe certified, in addition to her existing CNC Mill certification. This gave flexibility in the 
method of manufacture for the wheel component. 
       
(a)         (b) 
Figure 32. (a) Image of flywheel CNC mill setup with soft jaws (b) Completed flywheels 
The 316 Stainless Steel wheel was made in multiple operations, beginning with the CNC Lathe and then 
the CNC Mill. First, the outer contour of the part was created using the CNC Lathe. Once in the Mill, it was 
secured using a set of custom machined soft jaws. In the first mill operation, the top part of the wheel 
was machined with various tooling operations: one for facing, one for the inner loop, a chamfer tool, and 
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a .973 mm drill bit. To get the necessary tolerances, the hole was then formed with a 0.040” reamer. 
When this operation was completed, the part was then flipped and re-secured. At that point, the wheel 
was faced, bored out using an end-mill, and then chamfered (to get the desired epoxy relief and centering 
for the center hole). 
The second parts that needed to be made were both the inner motor housing and its corresponding 
endcap. The outer contours of these parts were again faced and turned using the CNC Lathe. It was then 
faced, the outer diameter was turned, and then the piece was supposed to be parted. However, because 
the HyMu-80 is a superalloy it is very hard to cut through. After breaking a few parting tools, it was 
suggested by another tech who had worked with similarly strong materials to instead cut the piece off 
with a bandsaw at the end of machining. This was done slowly using the horizontal bandsaw, and then 
the part was transferred to its CNC Mill operations. For the motor housing, there was one part of the outer 
turning operations that required a left-handed tool for its back contour. The same set of soft-jaws was 
used once these parts were transferred to the CNC Mill for the next set of operations. This was a trial-and-
error process for feeds and speeds of the HyMu-80 Alloy, documented in their corresponding CAM files. 
After these CNC operations, the part was placed in a manual lathe in order to drill the inner bore and the 
thicker inner bore was drilled on the CNC to assure accuracy. The motor end caps were also placed in a 
manual lathe in order to drill a hole at the end for the end of the motor to stick out. The final step was to 
drill two holes on either side of the motor housings d for epoxy relief. 
 
Figure 33. Completed outer operation of inner (motor) housing on CNC 
 
 
Figure 34. Completed inner bore of motor housing done on manual mill 
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The outer housing was CNC Mill machined out of 6061 Aluminum. Since this material is a standard for 
PolySat machining, all the tooling required was already within our repertoire, borrowed from other CPCL 
projects. The outer housing, due to its square shape, was manufactured using standard vice-jaws and 
parallels, however extra care was needed to delicately machine its many tapped 2-56 holes. Furthermore, 
there were three setups required for this, and many unforeseen mistakes made in the machining process 
that had to be surmounted. 
       
(a)                                                                                (b) 
Figure 35. (a) 6061 Aluminum stock cut to length to be used in machining (b) Outer housing in the 
second operation to drill holes for screws on the side 
The final component manufactured was the X-Bracket that was secured to the outer housing. This was 
easily and quickly cut on the Waterjet, made of Aluminum sheet metal. The only preparation was sending 
out the simple 2D .dxf file prepared for the FlowJet and FlowCut software on the Water Jet to the machine 
shop request so that the parts could be made for us. This was the only part that was outsourced to 
Mustang 60 shop techs to make for us because of the experience required to operate the Waterjet and 
the time required to make the other components. 
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Figure 36. X-bracket cut out of 6061 Aluminum sheet metal with WaterJet in Mustang 60 Machine shop 
 
 
Figure 37. (From left to right) Completed flywheel, motor housing, Maxon motor, and motor endcap 
6.2.1 Manufacturing Challenges and Suggested Solutions 
There were quite a few challenges to this assembly, beginning with the constraints placed upon machine 
time due to the COVID-19 Pandemic The capacity of the machine shops was limited to only 12 people at 
a time and, more importantly, the hours were limited to only 8am-5pm daily. In a typical year, as a shop 
tech, our group would be able to access the shop at any time. This would play into effect when doing long 
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CNC-ing operations, where the most time-consuming part is in the detailed set up and probing operations 
to verify the code. Furthermore, this time constraint made it very difficult to be able to obtain the 
necessary CNC lathe certification for the project, adding more stress to our main manufacturing member. 
This time constraint amplified the problem, and this would be remedied by performing the manufacturing 
process in a time when the pandemic was not upon us. 
The next main manufacturing challenge was in working with a brand-new material which holds a 
reputation for being difficult to work with -- HyMu-80. The feeds and speeds for this were previously 
unknown when it comes to both turning (the CNC lathe operations) and milling (the CNC mill operations). 
Therefore, a trial-and-error process was utilized to optimize the necessary cutting conditions to avoid 
breaking tools on the material and have the desired tolerances and surface finish. Through this trial-and-
error process the required feeds and speeds for the HyMu Material were obtained. Knowing these feeds 
and speeds for the HyMu80 material the project could be replicated by a different machinist with 
considerably more ease. Nickel-based super-alloys like this one are suggested to not part on the lathe 
(even a CNC lathe) but instead cut off using a band-saw, as recommended by a peer who had worked with 
similar alloys. This added step was another challenge, as the cutting process took approximately 45 
minutes for one small part. All these challenges were compounded by the fact that there was only one 
CNC certified machinist making all these difficult, new parts. In future iterations of this project, the 
manufacturing technique will be already laid out, and therefore the process will be much more 
streamlined. Therefore, in summary, the three major difficulties were: working with limited accessible 
machine time, working with new materials to tight tolerances, and that the brunt of the load was just on 
one machinist (5 unique components that make each assembly (15 for 3 assemblies)). 
To adjust for these difficulties, after approval from our sponsor, we decided to change our functional 
prototype goal to only create one assembly (only 5 components). This is attainable in the remaining weeks 
of the quarter, and the rest of the two other reaction wheel assemblies can be made after the end of the 
quarter and after all the testing has been performed. Therefore, we will know that the design is 
acceptable, and the remaining two subassemblies will be within flight qualifications, ensuring the success 
of the missions that will use our reaction wheel assemblies. 
6.3 ASSEMBLY PROCEDURE 
The step-by-step procedure and details/pictures of assembly will be excluded in compliance with the 
International Trade and Arms Regulation (ITAR) and CPCL Intellectual Property (IP) agreement.  
6.3.1 Shaft Hole Clearance Fit 
One of the main concerns with assembly is that there are tight tolerances and precision required for the 
hole and shaft fit of the 1mm diameter motor shaft into the flywheel hole. Precaution must be taken to 
avoid bending the shaft when fitting it into the hole or else it will be rejected by the balancer. In 
preliminary testing with the structural prototype, both clearance and interference fits were successful 
when using an arbor press and by hand (see Section 5.5.1 for more detail). Both fits maintained a secure 
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interaction between the hole and shaft when the wheel was spun up to 2000 rpm (comparatively low 
rpms) which verified a snug fit and that the shaft was aligned. Additionally, according to the hole fit 
analysis in Section 5.2.5, both the interference and clearance fits resulted in the same tolerance for the 
hole of 0.01 mm or about 0.3 thou.  
However, after further research and a discussion with David Hinkley, and engineer from Aerospace Corp 
involved in the development of Bonafede’s thesis and very familiar with the reaction wheel process, he 
suggested the use of shaft-locking adhesive with a large clearance fit. This is beneficial for two reasons. 
The first of which, there is little to no chance the motor shaft will bend when there is a clearance fit of 
+0.7 thou to +1 thou and the second being that this method was tested and verified by Aerospace corp. 
engineers as the best method for the hole fit.  
The exact shaft locking adhesive used by Aerospace corp. has been discontinued, however, David Hinkley 
provided suggestions for other shaft locking adhesives with similar properties, namely the 3M RT-38 and 
RT-48 adhesives (see Appendix J for specifics). The RT-38 is less viscous than the RT-48 but both have close 
to the same strength. The RT-38 was difficult to find in a small quantity and with a reasonable lead time 
so in result we ordered the RT-48 to use for proof testing (see section 7.3 Shaft Load Proof Test for more 
information).  
6.4 MANUFACTURING TIMELINE 
 
















Q2, W4 Q2, W6 Wheel Turning OD, Facing CNC Lathe 4 4 
Q2, W5 Q2, W7 Wheel Inner Pockets (Top & 
Bottom) 
CNC Mill 5-6 6 
Q2, W6 Q2, W8 Wheel Repeat process CNC Lathe, 
CNC Mill 
8-10 10 
Q2, W5/6 Q2, W8 Test Disks Face and part thin 





Q2, W5/6 Q3, W1 Test Disks Drill holes Drill press 2 2 
Q2, W6/7 Q2, W5 Wheel Machine set of 
custom soft jaws 
CNC Mill 6 5 
Q3, W1 Q3, W2 Inner Housing Attempt 
feeds/speeds with 
HyMu80; face, do 
OD & features, part 
CNC Lathe 8+ 15 
Q3, W2 Q3, W2 Inner Housing Attempt #2 CNC Lathe 8+ 10 
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Q3, W4/5 Q3, W5 X-Brackets Test with scrap x2, 
actual x3 
Water Jet 2-4 3 
Q3, W2/3 Q3, W3 Inner Housing  Inner Bore, finishing CNC Mill 4-6 4 
Q3, W2/3 Q3, W3 Inner Housing Drill epoxy relief 
holes 
Drill Press 0.5-1 2 
Q3, W4 Q3, W5 Outer Housing 4 Set-Ups CNC Mill 7-9 14 
Q3, W4/5 Q2, W7-8 Make 2 more 
wheels 
3 Set-Ups CNC Lathe, 
CNC Mill 
4-6 4 
Q3, W4/5 Q3, W6 Make second 
and third outer 
housing 
4-Set Ups CNC Mill 4-6 N/A 
 
6.5 ELECTRONICS INTEGRATION  
 
To operate the motor, a Maxon ESCON Module 24/1, 4-Q servo controller with halls sensors will be used. 
The programming and integration will be outsourced to the Electrical and Software Engineers in CPCL. The 
CPCL Electrical and Software team have verified that the controller supports all of the input output 
capability the team needs to command the wheel, have speed control, and receive rpm data.  
 
The controller used in the project will not be utilized on any future flight mission, the controller will only 
be utilized during testing. The Electrical and Software team are currently looking into integrating the 
controller into the standard electronic board stack used on most of our spacecraft.  
 
6.6 BALANCING   
 
The team scheduled a trip to Wilmington, CA to balance the wheels for the project due to the complex 
procedure to power and spin the wheel. In the future CPCL will simplify the process of powering and 
commanding the wheel in order for the RWA to be able to be shipped over to the facility and balanced 
without a CPCL member present.  
 
The procedure that we followed at the balancing facility was to first set up our power supply and 
connect our electronics to the RasPi and the power supply. Next the balancer took the RWA and secured 
it to the balancing fixture. The technician then instructed us to power the wheel and spin it to a rpm no 
greater than 5500 rpm. We then ran a python script that commanded the wheel to spin to 5000 rpm the 
technician recorded a residual imbalance and then proceeded to take the wheel out of the fixture and 
grind small amounts of material from the outer perimeter of the wheel using a vertical belt sander. The 
technician then placed the RWA back into the fixture and instructed us to spin the wheel again. After 
recording the residual imbalance after removing material, the technician then removed the RWA from 
the fixture and removed more material from the flywheel using the belt sander. This process was 
repeated over 15 times as the technician gradually removed material from balancing planes to meet the 
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balancing specification.  
 
The wheel was successfully balanced, and we were provided with a balancing certification and a data 
sheet seen in Appendix U. Which stated that .0618 g-in and .048 g-in of residual imbalance were 
removed. Assuming the mass removed was lumped at the diameter of the wheel which was measured 
to be .827 in,  we can conclude that .133g or 133 mg of material was removed during balancing.  
 
Figure 38. Balancing Configuration 
 
 
Figure 39. Reaction Wheel Balancing Fixture 
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Figure 40. Fly Wheel after Balancing  
  
  74 
  3-Axis Reaction Wheel Senior Design Project 
 
7.0 DESIGN VERIFICATION  
 
7.1 REQUIRED TESTING METHODS 
Once manufacturing was completed, various metrology devices were used to determine the final mass 
and dimensions of the flywheels: the optical comparator, a mass scale, micrometers, and various calipers. 
Then, after assembly and balancing of the reaction wheel, the max rpm and actual performance of the 
reaction wheel was measured using a laser tachometer to record the rpm of the wheel. Finally, the 
reaction wheel assembly was verified with the two main testing methods: TVAC (Thermal Vacuum 
Chamber) and Vibes (Vibrational Testing). Additionally, a shaft load proof test was performed pre-
assembly with test shafts and disks in order to verify that the shaft-locking adhesive cured properly. A 
detailed description of each test and its results are described in the following sections.  
 
Table 19. Design Verification Tests Summary 
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7.2 SHAFT LOAD PROOF TEST 
 
7.2.1 Description 
The shaft load proof test was designed to verify the strength of a shaft-locking adhesive in securing the 
inner bore of the flywheel to the 1 mm motor shaft. We evaluated the strength and workmanship of the 
3M Scotch-Weld RT48 High Temperature Retaining Compound by applying a compressive load directly on 
the shaft after it was cured to the disk using a force gauge positioned in an arbor press and evaluating the 
bond to see if the shaft slipped.  
This test is designed to mitigate multiple failure modes identified in the Failure Mode Effect Analysis 
(FMEA) in Appendix S in which the flywheel could spin so fast that it comes off the motor shaft. Since the 
flywheel will be operating at speeds upwards of 40,000 rpm, we need to be sure that it will stay secure to 
the shaft. This could happen due to improper curing or an adhesive that was not strong enough. Another 
failure mode is an inaccurate fit between the motor shaft and flywheel (too tight of a fit will cause the 
shaft to bend or break and too loose will not allow the wheel to be balanced because it is too far off in 
alignment). All of these failure modes are the basis of this test and can be mitigated by performing the 
proof test on the test shafts and disks first and then the actual assembly.   
Some supplementary goals of this test were to evaluate whether the use of a vacuum chamber to cure 
the shaft is necessary and affects the strength of effectiveness of the bond, and to compare the strength 
and effectiveness of different adhesives.  
The shaft load proof test took place in two locations: the CPCL cleanroom in the ATL (Building 07 Room 
15) and in the Cal Poly Aero Hangar (Building 04) and the equipment used is as follows: 
• Four test disks, 0.827 in diameter, 0.079 in thick with 0.039 in hole (note: One disk has two 0.04 
in holes for two test shafts)  
• Five test shafts A-E  
• Thin needle  
• 3M Scotch-Weld RT-48 Shaft Locking Adhesive  
• 3M Scotch-Weld Epoxy Adhesive 2216, Translucent, Part B/A 
• Glass Vac chamber and Vacuum Pump  
• Aluminum test fixture to hold shaft and disk  
• 200N Analog Force Gauge   
• Arbor press (Building 04)  
The test shafts were ordered off Amazon and cut to a proper length. Then, each shaft diameter was 
measured with an optical comparator in the Mustang 60 machine shop and recorded in the table below. 
The test disks were made out of leftover 316 stainless steel from the flywheel and cut to the proper 
  76 
  3-Axis Reaction Wheel Senior Design Project 
 
diameter (0.827 in) and thickness (0.079 in) on a manual lathe. Subsequently a hole (0.039 in) was drilled 
in each test disk that matches the dimensions of the hole in the flywheel. There are four disks total, labeled 
A-D, and five shafts total labeled A-E and one of the disks has to holes with two shafts in it. Individual 
measurements of the disks and shafts were taken and recorded in a spreadsheet in order to accurately 
evaluate the strength of the adhesive in the small range of possible clearances between the motor shafts 
and flywheel bore. The measurements are listed in a table in the test procedure in Appendix V and also in 
the table below.  
 
Table 20. Test Shaft and Disk Measurements and Clearances 





A 0.0439 A  0.0394 0.0045 
 0.0426 E 0.0391 0.0035 
B 0.0441 B 0.0393 0.0048 
C 0.0435 C 0.0392 0.0043 
D 0.0439 D 0.0391 0.0048 
 
Each test disk and shaft assembly was tested to its calculated max load, which slightly varied depending 
on the geometry of the individual disks. The measured hole diameter and disk thickness was plugged into 
the equation of the surface area of the outside of a cylinder, 𝑆𝐴 = 𝜋𝐷ℎ , (where D is the measured 
diameter of the hole and h is the thickness of the disk) to calculate the contact area in in2. Then, the 
contact area was multiplied by the ultimate shear strength (or compressive shear strength of the 
adhesive). It is important to note that disks A and D were the only two cured with the 3M Scotch-Weld 
RT48 shaft locking compound and shafts B and C were cured with 3M Scotch-Weld Epoxy that has been 
used on previous flight missions (the reason for this will be explained in the results section). The Shear 
strength of the RT48 is 4970 psi and the shear strength of the epoxy is 3200 psi so those tested with the 
epoxy were tested to lower max loads.  
 




















A 0.0439 0.087 0.0120 RT48 4970 59.5982 265.1046071 
 0.0426 0.087 0.0117 RT48 4970 57.9242 257.6586504 
B 0.0441 0.074 0.0103 Epoxy 3200 32.8178 145.9802454 
C 0.0435 0.121 0.0165 Epoxy 3200 52.8762 235.2989155 
D 0.0439 0.085 0.0117 RT48 4970 58.3012 259.3356381 
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Before the proof test could be performed, the test shafts must be cured to the disks. This step was done 
in the CPCL cleanroom (Building 07 Room 15) where each component was labeled and cleaned and then 
adhesive was carefully applied to the hole and outside of the shaft using a needle or thin, pointed tool. 
The RT48 has a very low viscosity, which meant it was easy to apply, but dripped out quickly. The process 
can be seen in the following images. Then, some assemblies were cured in a vacuum chamber and others 
were left out to cure for at least 24 hours. 
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Figure 42. Test disks and shafts after applying adhesive and ready to cure 
 
Figure 43. Vacuum chamber and pump used to cure select disks 
 
Following the curing process, the proof test was performed in the Aero Hangar using the setup in the 
figure below. The force gauge was positioned in between the test fixture and the arbor press and the 
arbor press was lowered steadily by hand waiting the force gauge until the max load was reached. The 
test fixture, shown below, was made out of scrap aluminum and a countersink was created to hold the 
disk (or flywheel) while the shaft (or motor) is unsupported in the smaller hole. The load is only applied 
to the top surface of the shaft in order to ensure that the shear strength of the adhesive is what is being 
evaluated.  
Kapton Tape (to 
prevent leakage) 
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Figure 44. Testing fixture for shaft load proof test with counterbore for disk and shaft  
 
                
(a) (b) 
Figure 42. Testing setup (a) 200N analog force gauge setup in arbor press with test figure underneath (b) 






  80 




Table 22. Shaft Load Proof Test Results 




(From during test and post-test visual inspection)  
A  A  0.0045  171  
• Cured with 3M Rite Lock 48 with tape in vacuum 
for 26 hours  
• Did not cure and weren't able to test  
A  E  0.0035  166  
• Cured with 3M Rite Lock 48 with tape in vacuum 
for 26 hours  
• Did not cure and weren't able to test   
B  B  0.0048  146  
• Cured with epoxy NOT in vacuum for 26 hours  
• Tested up to 146 N  
• A little slippage but still secure  
 
C  C  0.0043  235  
• Cured with scotch weld epoxy NOT in vacuum for 
26 hours  
• Tested up to 235 N   
• Slight slippage of shaft but fixture remained 
secure after test  
• (tested 1st)  
 
D  D  0.0048  167  
• NOT cured in vacuum  
• Cured with RT48 
• Only one that cured out of three with other two 
in vacuum  
• 200N (44.9 lb) force, no visual change during test  
• From visual inspection, shaft slipped into the 
hole slightly  
• Shaft did not shift or wobble by hand   
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7.2.3 Analysis & Recommendations  
We learned a lot from our shaft load proof tests, in terms of what adhesive to use and whether or not the 
use of a vacuum chamber is entirely necessary for curing the adhesive.  
Our tests yielded inconsistent results when it came to the RT48 adhesive, with only a single set of disk 
and shaft properly curing. This is because the adhesive was such a low viscosity that it would leak right 
out of the bore, in the future the team highly discourages the use of RT48 and encourages the use of 3M 
Scotch-Weld Epoxy Adhesive 2216, Translucent, Part B/A also known as RT38.  
 
In our initial tests with the RT48 adhesive we found that the only successfully cured test disk and shaft 
were left outside of the vacuum chamber, and that test article successfully passed the proof test as seen 
in section 7.2.2. This suggests that the use of a vacuum chamber to cure the RT48 anaerobic adhesive is 
not necessary.  
Due to our unsuccessful attempts to reproduce additional test articles using the RT 48 adhesive, we 
decided to explore alternatives, we considered 3M Scotch-Weld Epoxy Adhesive 2216, Translucent, Part 
B/A and using RT 38 (a higher viscosity, higher strength anaerobic adhesive). Due to the lead time and 
price of the RT38 adhesive the team decided to explore using the Scotch-Weld two-part epoxy first. The 
RT38 adhesive is not an off the shelf component, an order must be placed for it to be manufactured and 
a minimum order quantity of 10 bottles of 50ml is typically required from most manufacturing companies 
making this adhesive difficult to obtain in a fast timeline and in a small quantity.  
3M Scotch-Weld two-part Epoxy Adhesive 2216 is an epoxy we typically use to secure fasteners on our 
spacecraft. This adhesive is a material that is already widely used in CPCL, and the adhesive is readily 
available in small quantities in a reasonable time frame. Two test articles were cured using the Scotch-
Weld adhesive and both articles cured successfully and passed the proof test.                                 
 
Given the inconsistency of results using the RT48 adhesive, the difficulty to obtain RT38 in a small 
quantity and in a fast timeframe, we highly recommend moving forward with using the 3M Scotch-Weld 
two-part Epoxy Adhesive.  
 
7.3 MASS AND SIZE TESTS 
 
7.3.1 Description and Results 
Once each part was complete in manufacture and assembly, there were a few critical dimensions that 
needed to be measured to compare to the intended dimensions. The part with its most critical dimensions 
is the 318 Stainless Steel Wheel, as its mass and size drives the entire system’s desired torque output. 
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While small discrepancies in its outer diameter and depth could be remediated during the balancing 
material removal process, the inner hole is the tightest tolerance feature. This is because its ability to 
secure to the shaft (using adhesive) will determine whether the wheel will stay attached to the motor, 
and therefore whether the system can function as desired. 
 
 
Figure 46. Optical Comparator measurements of completed reaction wheel  
 



















Dimensions .040 +/- .004 .827 .394 
.315 .087 - 
Actual 1 .0401 .826 .3935 .315  P 
Actual 2 .0398 .827 .394 .315  P 
Actual 3 .0399 .826 .394 .315  P 
 
After assembly, the whole system was kept in the clean room (as it is a flight-ready component). So, the 
measurement of the entire system’s weight was also performed in the clean room. The desired result was 
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for this weight to be within the allotted mass budget for one reaction wheel assembly, verifying that our 
proposed weight of the three-axis system would be accurate enough to be used for future flight mission 
system engineering and coordinating between the allotted mass of the subsystems. All CubeSats have 
overall mass budgets due to the high cost of sending things to space, with 1.33 kg allotted for each 1-U of 
space. 
Table 24. Mass budget theoretical versus Actual  
 Mass (g) Pass/Fail 
Theoretical Wheel 11.46 - 
Actual Wheel 11.43 P 
Theoretical Single Reaction 
Wheel 165 - 
Actual Single Reaction Wheel 65.45 P 
 
7.3.2 Analysis & Recommendations 
Overall, the parts were made to the specifications due to the use of CNC machines, which are able to use 
tool wear compensation to dial in a precision fit between pieces or a specific desired dimension. 
Furthermore, the use of the reamer was successful for the wheels so that the desired clearance was able 
to fall within the very tight tolerance. One recommendation is to use more precision measurement 
equipment for weight so that a better estimate of how much mass actually exists will be obtained. Also, 
the CMM is a more precise measurement device, so potentially using that for all measurements as 
opposed to only the optical comparator would improve the detail and reliability of these measurements. 
7.4 PERFORMANCE VALIDATION  
To validate the performance of the wheel the team performed a test that accelerates the wheel through 
its operational velocity range (0-50,900 rpm) such that 1.0 mNm of torque is produced this happens to be 
0 to 50.9 krpm in 4.3 seconds. In addition, the team recreated the fly wheel CAD post balancing adding 
the chamfers and removing material in the CAD model where material was removed during the balancing 
process. From the CAD model a post-balancing wheel inertia was determined, and this new wheel inertia 
was fed into Nicholas Bonafede’s thesis simulation in order to determine the torque performance. Nick’s 
fly wheel designed allotted a 10% margin in torque performance, as the machining tolerance and material 
removal from balancing would affect the wheel’s final inertia. These tests aim to evaluate the degradation 
of torque performance from balancing.  
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7.4.1 Description 
The RPM test was performed using the internal hall effect sensors inside the Maxon Motor, a software 
team was able to enable a speed comparator allowed for a target speed to be set and the time required 
to meet the target speed to be recorded by a Raspberry Pi.  
 
As mentioned above the torque performance was determined by taking measurements of chamfers made 
to the wheel post balancing and modeling the material removed in CAD. Once the new wheel inertia was 
determined from SOLIDWORKS mass properties it was updated in Nick’s Operational Torque Performance 
MATLAB simulation. The design wheel inertia and balanced wheel’s inertia can be observed in Table 24.  
 
Figure 47. Original Wheel CAD vs. Balanced Wheel CAD  
 
Table 25. Fly Wheel Inertia  
Design Fly Wheel Inertia  Balanced Fly Wheel Inertia  
9.37 𝑔 ∗ 𝑐𝑚7 8.91 𝑔 ∗ 𝑐𝑚7 
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Table 26. RPM Test Data  


















The RPM test data seen in Table 25 suggest that the Final assembled system is capable of following the 
velocity profile seen in Figure 45. Which tell us that 1mNm of torque is theoretically possible pending 
the impact that the material removal from balancing on the wheel’s inertia. 
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Figure 48. Calculated Torque over time given a set Velocity Profile (with a calculated wheel Moment of 
Inertia of 8.91 g*cm2) 
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Figure 49. Calculated Torque over a set Velocity Profile (with a calculated wheel Moment of Inertia of 
8.91 g*cm2). Reference curve is based on an unbalanced wheel Moment of Inertia of 9.37 g*cm2. 
In Figure 45 and 46 it can be observed that the black dashed line indicates the wheel’s design torque 
performance which was overdesigned to reach a max torque of 1.2 mNm corresponding to wheel inertia 
of 9.37 g*cm2. The torque performance decreased to 1.1 mNm corresponding to a wheel inertia of 8.91 
g*cm2 . This data suggests that our Reaction Wheel Assembly can still meet the target 1.0 mNm max 
torque even after material removal after balancing.  
7.4.3 Analysis & Recommendations  
The performance testing verified that the reaction wheel can produce the required torque identified in 
the specifications table (Table 3 Spec #7) of 1.0 mN-m and exceeded it within 10% margin. It also 
demonstrated that the wheel can be spun up to a max speed of 60,000 rpm, however, this was not verified 
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7.5 VIBRATION TEST 
 
7.5.1 Description 
Vibrational testing is necessary to ensure the spacecraft components will endure the extreme vibrational 
environment during launch. Often during vibrational testing, an error in workmanship or assembly can be 
found and remedied. The vibrational environment often causes fasteners to unthread themselves or “back 
-out”, which can lead to a free screw to rattle and damage sensitive components on a spacecraft such as 
a solar panel cell or a printed circuit board. In order to prevent a screw from “backing out” a two-part 
epoxy is adhered to the head of each fastener to prevent it from rotating out of the tapped hole. The 
vibrational test aims to expose any components on the spacecraft that are not properly secured or held 
in place. 
The vibration test takes place at Cal Poly, inside building 41 in the Aerospace Engineering Composites Lab 
(Bldg. 41 Rm. 137) using a vibration table. The test is typically performed on entire spacecraft sometime 
before launch however individual components can also be tested. To perform the test on component-
level assemblies, they must either be interfaced to a generic, pre-existing spacecraft structure or have an 
interface plate machined to interface directly to the vibration table. Testing components using a pre-
existing spacecraft structure is preferable as it better simulates the vibrations that the component will 
experience.  
The test begins by first attaching all the necessary equipment, such as accelerometers and the interface 
plate (used between the spacecraft and the vibrations table). After everything is properly assembled, 
including proper torquing of all screws, the first vibration test performed is a sine-sweep test for the z-
axis. After the entire vibration profile has been completed, the spacecraft is visually inspected for any 
anomalies (such as backed-out screws) and pictures are taken for documentation. Following the visual 
inspection, a random vibration test is performed in the z-axis. Once again, after the entire vibration profile 
has been completed, the spacecraft is inspected for any anomalies and pictures are taken. This process of 
a sin-sweep vibration profile, visual inspection, random vibration profile, and a final visual inspection, is 
performed for the remaining two axes (X and Y).  
 
7.5.2 Recommendations 
This test was not able to be completed due to time constraints and not getting the staff support needed 
to run the test. Since manufacturing and assembly ran into setbacks due to the tight precision and time 
required for these tasks, only a week was left for testing and there was another big project going on in 
CPCL that occupied the staff’s time so they could not support reaction wheel testing. However, a testing 
procedure was created and included in Appendix V so future work should reference and follow this 
procedure and perform vibrational testing in Bldg. 41 Rm137. This testing is necessary to validate that the 
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reaction wheel is structurally stable and will survive the launch environment and the reaction wheel 
cannot be considered flight-ready until it is verified with this test.  
 
7.6 TVAC TEST 
 
7.6.1 Description 
Thermal vacuum chamber testing is used to simulate the temperature extremes of a Low Earth Orbiting 
(LEO) spacecraft, cycling between temperatures experienced while in earths umbra and in direct exposure 
to solar radiation. At the same time, the TVAC chamber simulates the vacuum of space. Furthermore, the 
electrical components are connected to a controller during these tests in order to collect functional data 
of the systems performance in this environment.  
This test is vital to ensure our mechanism will function in its on-orbit environment. This test also is used 
to expose any materials which release particulate in a vacuum or more formally called “outgassing”. All 
the adhesives, and materials procured have low out gassing percentages, however the test is useful to 
validate that as well. Having minimal particulate release is important when a spacecraft is carrying an 
optical sensor such as a camera or infrared sensor. A piece of particulate on the camera or on the sensor 
can interfere with a picture or a sensor reading.  
The facility used to conduct the TVAC test is the Thermal vacuum chamber in the Cal Poly Aero Hangar, 
the equipment used are Type T Thermocouples, placed on opposing corners of satellite, shroud, and test 
stand, High vacuum pressure gauge, Grainville-Phillips Series 260 Gauge Controller, and NI 9213 
Thermocouple Input, LabVIEW, with 60 second sampling time.  
The General procedure it to place Type T thermocouples on the Reaction Wheel assembly, and run a 
thermal profile that exposes the hardware to temperature extremes typically encountered in LEO (Low 
earth Orbit) . At each temperature extreme we will run the wheel at its operational angular velocities and 
measure the rpm it actually spins at using hall effect sensors built into the motor. In doing so we can 
validate the performance of wheel in an “on-orbit” environment.  
 
For detailed testing procedures, see the TVAC Test Procedure in Appendix V.  
 
7.6.2 Recommendations 
This test was not able to be completed due to time constraints and not being able to get the staff support 
needed to run the test. However, a testing procedure was created and included in Appendix V so future 
work should reference and follow this procedure and perform TVAC testing in the Cal Poly Aero Hangar. 
This testing is necessary to validate that the reaction wheel will perform as expected in the space 
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environment of LEO including extreme high and low temperatures and performing in a vacuum and the 
reaction wheel cannot be considered flight-ready until it is verified with this test.  
 
7.7 SUMMARY AND RECOMMENDATIONS 
Our design has been validated for and passes all tests that qualify the specifications listed in Table 3 of 
the report and a summary can be seen in the table below.  
Table 27. Final Results Summary Table  
Test 
Specification 
(from Table 3) 
Pass/Fail 
Shaft Load Proof Test 13) Compatibility/assembly (hole fit) Pass 





Test (RPM and Speed 
Profile Testing) 
7) Torque Pass 
Vibration Test 12) Vibration testing of GEVS standard n/a 
TVAC Test 
5) Thermal Testing 
6) Vacuum testing 
n/a 
 
The tests performed to validate our design covered almost all of our specifications, and the one not tested 
were either validated through inspection or documentation (such as balancing verified by the balancer 
and deorbit demise verified by research about the materials used). Recommendations we have for future 
testing is to plan the vibration and TVAC tests ahead of time and make sure there is ample time and 
resources available to complete them. Additionally, an attachment plate had to be made for the vibes test 
which slowed down our process and ability to complete the test sooner. Our process mostly got slowed 
down during the shaft load proof test when we had to try multiple times to cure the shafts and they were 
not curing successfully. We strongly recommend that the shaft load proof test is performed for the RT38 
compound since it has a higher viscosity and might be a better shaft locking adhesive for this application.   
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8.0 PROJECT MANAGEMENT 
8.1 DESIGN PROCESS AND DEADLINES 
The engineering design process was followed to produce functioning reaction wheels for CPCL by June 
2021. The problem definition phase occurred in the fall of 2020 and is summarized in this document. That 
phase included technical, customer, and competition research as well as interviews to develop a strong 
background of the problem at hand. The scope of work was designed based on the QFD which defined 
specifications and target values for the project moving forward. After completing PDR and IDR, the design 
was iteratively improved, and results are presented in the final design section. Analyses and their results 
are presented to validate the final design. Additionally, a manufacturing plan and process was laid out 
along with procurement of materials and a cost summary to indicate that the project is within budget for 
stock but exceeds budget with tooling (in which permission was granted from the project’s sponsor). 
Finally, a design verification plan was formulated to test each specification.  
 
Table 28. Key Deliverables 
Date Deliverable 
10/13/20 Scope of Work (SOW) – Presentation and Submission 
10/29/20  Concept CAD  
11/10/20  Preliminary Design Report - Presentation  
11/12/20  Preliminary Design Report - Submission  
11/17/20  FMEA  
11/19/20  DFMA  
01/14/21  Interim Design Review  
02/09/21  Critical Design Review - Presentation  
02/12/21  Critical Design Review - Submission  
03/11/21  Manufacturing & Test Review  
03/18/21  DVPR Signoff  
05/28/21  Senior Project Expo  
06/04/21  Final Design Review   
 
To ensure that the team understands the timeline of the project throughout the entire school year, a 
Gantt chart was developed and can be seen in Appendix G. Each step of the design process is divided into 
sub-tasks and categories and team members are assigned to those tasks. This project has some unique 
requirements because to be able to manufacture the flywheels and housing, at least one team member 
needs a certification on the CNC lathe in the Cal Poly Machine Shops. Rose has taken on this task and has 
completed her certification and is now the main team member in charge of manufacturing. All tasks for 
8.1.1 GANTT CHART     
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the first one of the wheel assemblies has been completed. From various setbacks in machining the HyMu-
80, three full assemblies were not completed, but many of the parts were begun for the next two 
assemblies. Therefore, the scope was modified with our sponsor approval to only complete manufacture 
and test of one axis. This also allows us to learn from the experience before finishing up the other axes in 
the system. Furthermore, due to constraints in the access to lab and staff members necessary to be able 
to perform the TVAC and vibes tests, it was not possible for our project to complete these within the time 
frame of senior project. Going into it, we had expected to have testing be our tightest timeline, but due 
to an unforeseen extension on a different flight mission, the staff member necessary was not able to 
support our testing. However, this is laid out within the plan for future work at the end of this document. 
 
8.1.2 REFLECTION 
For this project to be successful and meet stakeholder wants and needs, there were some unique 
techniques that contribute to the scope of the project. Since the preliminary design work has mostly been 
completed in Bonafede’s Thesis, and the sponsor advised that the project be picked up from there, the 
design work and ideation was limited to modifying existing designs as well as creating the outer housing 
system. A housing for the reaction wheels still must be completely designed but the wheels themselves 
have been designed and approved to match the customer needs. This project focused primarily on the 
design of the housing and implementation strategy as well as the build and test phase since the reaction 
wheels must be balanced precisely and tested for the more extreme conditions of launch and space 
environments.  
Our design process was successful because we took time to carefully define the problem statement and 
stakeholder wants and needs so that we can meet our sponsor’s goals. Some difficulties and setbacks with 
this process was the amount of time dedicated to design work that was mostly already completed prior 
to our project. This set back manufacturing and assembly that only occurred during spring 2021 and was 
very intensive. In result, only one assembly could be completed and TVAC and vibes testing did not 
happen. Ideally, all three assemblies would have been made and TVAC and vibes tested so that they would 
be flight ready. What we would do differently to prevent this is accelerate the design process in the 
beginning and spend more time focusing on a manufacturing plan and timeline and even possibly getting 
another person CNC certified to help. In future design projects, it is important once defining the scope to 
assess the proper timeline to meet the needs of the project, and for this project that would have meant 
getting to the manufacturing, assembly, and testing phase sooner.  
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9.0 CONCLUSION & RECOMMENDATIONS 
This document outlines the final design of the 3-axis reaction wheel system based off the cumulative 
information from background research, project scope, concept design, and analysis. The final design 
meets all stakeholder needs, wants, and project specifications.  
One of the main aspects to this project is developing a manufacturing plan that can be used by future 
students, there were a lot of lessons learned in this very first iteration of manufacturing. When work-
holding the motor housing for epoxy relief holes, after the large inner hole has been drilled out, it is 
necessary to use a wood plug to prevent deformation. Alternatively, the order of operations could be 
changed so that the inside of the motor housing would remain solid until after drilling the epoxy relief 
holes, next, the inner hole and bore would both be drilled in the CNC milling operations. Another 
recommendation is for the Fly-Wheel hole diameter to be precisely measured on the optical comparator 
or CMM before curing to shaft.  
There are a few aspects of our final design that we recommend improving. First, we recommend moving 
the lip on the inner housing such that the lip is well beneath the fly wheel. We encountered a tolerance 
stack up during manufacturing that resulted in the lip being located inside of the bore of the wheel. This 
lip is meant to accurately position the inner housing assembly inside of the outer housing.  
Another recommendation is to weigh the assembly before and after balancing in order to accurately 
determined the amount of mass removed from wheel.  
Moving forward, there is another senior project planning on incorporating these reaction wheels into a 
full ADCS unit (including solar trackers, more complex control systems, etc.). They will build off the work 
that we have performed over the course of this year. The first step is finishing up manufacturing 2 more 
inner housings and 1 more outer housing. In preparation for the hand-off, we have manufactured already 
2 more flywheels, 2 motor endcaps, and 1 outer housing as well as purchased 2 motors and 1 connector. 
Furthermore, the Software and EE teams should develop more user-friendly interface for spinning up the 
wheel for testing and balancing so the wheels can be shipped to the balancer, avoiding the expedite fee, 
the complicated setup, and the travel to the balancing company. The last recommended action would be 
to perform the two environmental tests of the unit: TVAC and Vibrations. This way the entire process will 
be more fluid in the next iteration of manufacture, assembly, and test.  
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APPENDIX B: DESIGN HAZARD CHECKLIST 
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Referenced from the Senior Project Student Success Guide [23]. 
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APPENDIX C: BALANCE QUALITY GRADE FOR REPREHENSIVE RIGID ROTORS 
 
Referenced from IRD Balancing, Balance Quality Requirements of Rigid Rotors [22]. 
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APPENDIX E: FUNCTION CONCEPT PROTOTYPES 
 
Concept Description Photo 
Mass reduction/open 
housing concept 
This idea has the wheel and 
motor contained in one 
housing that has cut-outs 
on the sides for mass 
reduction. Each 
wheel/motor combination 





This is a fully enclosed 
housing for the motor and 
wheel that allows the user 
to unlatch the housing and 
open it to reach the internal 
components and adjust 
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Fully enclosed with open 
back/removable 
components 
This concept design 
encloses the entire wheel 
and motor system but has 
an x-bracket on the back 
with fasteners allowing the 
motor/wheel configuration 




X-bracket with open back 
This concept is like the 
concept mentioned above 
where it is a completely 
enclosed cylindrical housing 
but has an x-bracket or 
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Molar 3-axis 
This design has a cylindrical 
housing for each 
wheel/motor combination 
and they each attach to a 
mounting block at the 
center through a slot/lock. 
This way, each wheel and 
motor can be either 
mounted to the mounting 





This design has a motor 
housing that requires the 
motor be pressed in. The 
motor is secured by 
compression on most of its 
surface. The housing screws 
directly to the spacecraft. 
 
Slide in Housing with Set 
Screw Coupling 
This concept is of a slide-in 
motor housing with a set 
screw coupling that secures 
the motor to its housing. 
The housing screws directly 
to the spacecraft.  
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Fully enclosed wheel 
housing with motor press 
fit 
This model is of a wheel 
housing in which the motor 
is press-fit into of the sides. 
The wheel housing is cubic 
and prevents the wheel 
from coming in contact with 
the rest of the spacecraft in 
the case of any form of 
failure. The housing 
interfaces directly to the 
spacecraft using screws.  
 
 
Fully enclose wheel and 
motor housing 
This design has the motor 
and wheel completely 
encased in a rectangular 
housing for complete 
isolation from the rest of 
the internal components of 
the satellite. The housing 
interfaces to a baseplate 
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Modular L-Bracket 
This model is of a modular 
3-axis design. In this design 
two axes are manufactured 
as a single piece and a third 
axes is separately 
manufactured to interface 
perpendicular to the first 
two. The motors are glued 
into their housings along 
any of the 3 axes and there 
is no covering for the wheel. 
The L-Bracket interfaces 
directly to the spacecraft.  
 
 
Press fit cylindrical motor 
housing, tab-mount 
bracket interface, no 
wheel housing 
This has reduced mass with 
a cylinder to go around the 
cylindrical housing. It also 
had spaced out tabs to 
attach with extra stability. 
This design had a 
completely free wheel (no 
covering). 
 
Sliding top, two-piece 
outer housing, set screw 
attachment, no wheel 
housing 
This design displays a few 
different combined 
concepts of how to attach 
the inner motor (or the 
inner motor housing) to its 
outer housing. The two 
concepts displayed are a set 
screw and a sliding lock. The 
take-away from this design 
that was implemented was 
the front fastener design,  
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necessary for the wheel 
housing decided upon. 
Open-top motor housing, 
tab-mount bracket 
interface, no wheel 
housing 
The key feature of this 
design is a press-fit motor 
housing into the outer 
housing, and reduced mass 
by having it not fully 
enclosed. Another feature 
of this design is a half-moon 
cutout on the housing for 
the shaft. 
 
Open-top ridged motor 
housing, wheel brace 
framework 
This was a bare-bones 
concept of a wheel brace 
that is different than the 
cross, but still restrains the 
wheel if it were to fly off. 
Also, in this design are a 
ridge-style press fit. 
 
Latch top motor housing, 
tab-mount bracket 
interface, no wheel 
housing 
The latch top allowed for 
the whole motor and wheel 
assembly to be put in and 
taken out which is desirable 
for our designs. And the 
wheel could be adhered to 
the back plate. However, I 
was unsure on how this 
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APPENDIX G: GANTT CHART 
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APPENDIX H: HYMU 80 MAGNETIC SHIELDING ALLOY PROPERTIES 
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APPENDIX I:  DRAWING PACKAGE AND IBOM 
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APPENDIX L: BOLT ANALYSIS 
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APPENDIX M: HOLE FIT ANALYSIS 
Hole Fit Analysis 
Variables: 
𝐷 = basic size of hole 
𝑑 = basic size of shaft 
𝛿S = upper deviation (hole) 
𝛿T = lower deviation (shaft) 
𝛿U = fundamental deviation 
∆𝐷 = tolerance grade for hole 
∆𝑑 =	tolerance grade for shaft 
Part 1: Clearance  
Type of fit: Locational clearance fit (H7/h6) from Table 7-9 in Shigley’s 
From Tables A-11 in Shigley’s: 
∆𝐷 = IT7 = 0.010 mm 
∆𝑑 =	IT6 = 0.006 mm 
From Table A-12 in Shigley’s: 
𝛿S = H = 0 mm 
𝛿T = h = 0 mm 
 
Shaft Specifications and Tolerance Grade: 
𝑑 = 1	𝑚𝑚 
𝑑+,- = 0.997	𝑚𝑚 
𝑑+[\ = 0.991	𝑚𝑚 
Δ𝑑 = 	𝑑+,- − 𝑑+[\ 
Δ𝑑 = 	0.997 − 0.991	 
Tolerance grade of shaft:                         Δ𝑑 = 	0.006	(𝐼𝑇6) 
 









𝐷 =	𝑑+,- +	𝛿S 
𝐷 = 0.997 + 0 
𝐷 = 0.997 
𝐷+,- = 𝐷 +	∆𝐷 
𝐷+,- = 0.997 + 0.010	(𝐼𝑇7) 
𝐷+,- = 1.007 
𝐷+[\ = 𝐷 
𝐷+[\ = 0.997 
 
Clearance Hole Dimensions:               ∅𝟏.𝟎𝟎𝟎 + 𝟎. 𝟎𝟎𝟕/	−𝟎.𝟎𝟎𝟑	mm 
 
Hole Tolerance:                       0.01	𝑚𝑚 = 0.3	𝑡ℎ𝑜𝑢 
Part 2: Interference  
Type of fit: Medium drive fit (H7/s6) from Table 7-9 in Shigley’s 
Note: Shaft dimensions cannot change so change to S7/h6 
From Tables A-11 in Shigley’s: 
∆𝐷 = IT7 = 0.010 mm 
∆𝑑 =	IT6 = 0.006 mm 
From Table A-12 in Shigley’s: 
𝛿S = S = + 0.014 mm 
𝛿T = h = 0 mm 
Shaft Specifications and Tolerance Grade: 
𝑑 = 1	𝑚𝑚 
𝑑+,- = 0.997	𝑚𝑚 
𝑑+[\ = 0.991	𝑚𝑚 
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Δ𝑑 = 	𝑑+,- − 𝑑+[\ 
Δ𝑑 = 	0.997 − 0.991	 
Tolerance grade of shaft:                         Δ𝑑 = 	0.006	(𝐼𝑇6) 
 
Shaft Dimensions:           ∅𝟏.𝟎𝟎𝟎 − 𝟎.𝟎𝟎𝟑/−𝟎.𝟎𝟎𝟗 mm 
 
Hole Calculations: 
𝐷 = 	𝑑+,- +	𝛿T  
𝐷 = 0.997 + 0 
𝐷 = 0.997 
𝐷+,- = 𝐷 −	𝛿S 
𝐷+,- = 0.997 − 0.014	 
𝐷+,- = 0.983 
𝐷+[\ = 𝐷+,- −	∆𝐷 
𝐷+[\ = 0.983 − 0.010 




Interference Hole Dimensions:               ∅𝟏.𝟎𝟎𝟎	 − 𝟎. 𝟎𝟐𝟕/	−𝟎.𝟎𝟏𝟕	mm 
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APPENDIX N: SHIGLEY’S TABLES 
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APPENDIX O: DESIGN VERIFICATION PLAN 
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APPENDIX S: FAILURE MODES AND EFFECTS ANALYSIS (FMEA)   
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APPENDIX T: RISK ANALYSIS   
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APPENDIX U: BALANCING CERTIFICATION   
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APPENDIX V: TEST PROCEDURES   
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APPENDIX W: USER MANUAL   
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